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FOREWORD

This is the final report on work performed under Air Force Contract
No. AF 04(611)-11385, "Kinetics of Decomposition of Solid Oxidizers,"
covering the period from 1 December 1965 through 31 January 1963, The
contract is assigned to LPC, Redlands, California, and is monitored by
Lt. R. Foscante, AFRPL, Edwards, California.

Technical effort under this contract was performed by Dr. G. E. Myers,
Y.A. Tajima, Dr, J. A, Hammond, W.G. Stapleton, and W, Koehler.
Mrs. B. Knight assisted in the data reduction. Dr, R. Plock, of the
University of Redlands was consultant to the program, developing the com-
puter program for calculating ribbon thermal profiles. R, A. Lane of the
LPC Mathematical Sciences group performed the computer calculations
under the direction of Dr. Plock, Dr. W.E, Baumgartner acted as
Program Manager,

This report contains information regarding the structure and reactions
of specific NF oxidizers and is therefore classified CONFIDENTIAL,

Publication of this report does not constitute Air Force approval of
the report's findings and conclusions. It is published only for the
exchange and stimulation of ideas,

William Ebelke
Colonel, USAF
Chief, Propellant Division .7
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UNCLASSIFIED ABSTRACT

The thermal decomposition of high energy oxidizers and binders has
been studied in order to derive data which can be used to relate molecular
structures, chemical kinetic rate data, and thermal decomposition
mechanism to explosive sensitivity, shelflife, and combustion behavior,

Fast vacuum pyrolysis techniques were combined with a Bendix Time-of-
Flight mass spectrometer for the study of the initial reactions occurring
during thermal decomposition in INFO-635, PFABDE, PBEP, NC, and HP,.
Primary decomposition mechanisms were postulated, and activation energies
calculated. Indications for a heating rate dependence of the decomposition
mechanisms were found for INFO-635, PFABDE, and PBEP,
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(U)

CRT
DSC

DTA

FMTA
HP,
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MTA
NC
PBEP

PFABDE

SCR
TGA
TOF
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ECH
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GLOSSARY

‘The Arrhenius Pre-exponential Frequency Factor
from the kinetic rate equation

An arbitrary mass spectrometer system constant
Cathode Ray Tube

Differential Scanning Calorimetry

Differential Thermal Analysis

Activation energy

Flashi Mass Thermal Analysis

Hydrazinium Diperchlorate

2-Tris (difluoramino) methoxy ethylammonium
perchlorate

Reaction rate constant

Mass to charge ratio of ions in the mass spectrometer,
commonly used for mass identification

Mass Thermal Analysis
Nitrocellulose
Poly 1, 2-bis(difluoramino) 2, 3-epoxy propane

Poly 1, 4-bis[tris(difluoramino) methoxy butene
oxide-2, 3]

Silicon-controlled rectifier

Thermo Gravimetric Analysis

Bendix Time-of-Flight Mass Spectrometer
Unijunction Transistor

Epichlorohydrin

Polyepichlorohydrin

(The reverse is blank)
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(This Page Unclassified)

SECTION 1

SUMMARY

(U) A new method of mass spectral thermal analysis (MTA) was developed

and applied to determine the energetics and kinetics of the initiating reactions
in the decomposition of solid propellant ingredients and propellants. The
technique involves the pyrolysis of very small quantities of the test material

in the close vicinity of the electron beam of a time-of-flight mass spectrometer
for recording at high time resolution the time-dependent composition of the
primary pyrolysis species as the sample is pyrolyzed under programmed
temperature-time conditions. The resulting data are used to derive the
Arrhenius rate parameters, thereby providing a basis for relating thermal
stability, explosive sensitivity, and ballistic behavior to chemical structure,

(U) Microgram quantities of the materials are deposited upon a small
platinum ribbon that is heated ohmically by battery current or by condenser
discharge. Using battery current, a linear heating rate is obtained that can
be varied from 10°C/sec to 1000°C/sec (dynamic heating). With the con-
denser discharge, the sample temperature is brought instantaneously (~10
microseconds) to a predetermined temperature that is maintained for ~50
milliseconds (isothermal heating). Computer programs were derived for
evaluating time-dependent sample temperatures across the ribbon,

(C) The heating process is monitored by a specially designed Wheatstone
Bridge circuit, and is synchronized with the spectral timing sequence of the
mass spectrometer. Signals are fed by various techniques into oscilloscopes
for cinematographic recording.

(U) To verify accuracy of the data obtained, test runs were performed with
materials possessing decomposition kinetics that had been studied by other
workers employing different techniques. Good agreement was obtained with
respect to the observed mechanism of decompousition and the activation
energies involved. With nitrocellulose as the test material, the MTA method
gave an activation energy of ~95 Kcal/mole for the initiating reaction as
compared to the value of 100 Kcal/mole obtained by R. Musso using an Argon
sweep over the burning material; for hydrazinium diperchlorate (HPF,), the
values were 23 Kcal/mole for the initiating reaction by the MTA r1ethod as
compared with 23,5 Kcal/mole obtained by Grelecki and Cruice, using time-to-
acceleration of heated samples contained in scaled, evacuated bulbs,

(U) The method then was applied to r.:late the explosive sensitivity of NF
oxidizers to chemical structure. The materials thit were studied included
INFO-635, PFABDE, and PBEP,

f%
|
|
é
é

(U) INFO-635 thermal decomposition was shown to proceed by the loss of
perchloric acid, followed by scission of the remaining fragment at the
oxygen-methylene hond.

-1-
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(C) The isothermal decomposition of PFABDE appea“s to be initiated by the

loss of a complete tris-(difluoramino)methoxy side-cnain unit, Under dynamic

heating conditions, on the other hand, PFABDE first loses difluoramino v
radicals, followed by a temporary stabilization, probably by cyclization. i
Pyrolysis then proceeds by elimination of the remainder of the (difluoramino) !
methoxy group. The data provide an activation energy of ~77 Kcal/mole for

the initiating reaction, This is a comparatively high value, and it is pre-

sumed to be responsible for the high explosive sensitivity of this material.,

(C) PBEP was shown to decompose by a free-radical-induced chain unzipping
mechanism. This mechanism appears to be initiated by structural defects,
end groups or impurities present; it involves an activation energy of ~18
Kcal/mole, as compared with ~77 Kcal/rao’e for PFABDE, which could
explain the lesser sensitivity to impa=t of PBEP. In working with this latter
material, significant differences in the decomposition patterns were observed
between samples representing different molecular weight fractions or pro-
duction lots. Efforts were initiated to apply the MTA methed as a quality
control technique,

(U) Because sample heating rates could be varied from 100°C/sec to 107 °C/
sec, and because the TOF mass spectrometer provides the necessary high
analytical response for studying very rapid decomposition (10* spectra/
second), it was possible to study the effects of heating rates upon the
mechanism of sample pyrolysis. Distinct changes in the spectral decompo-
sition patterns were observed with various materials, implying changes in
decomposition mechanism as the heating rates were increased, The data
suggest that heating rate could be an important parameter affecting the
mechanism and the energetics of explosives decomposition, and that kinetic
measurements performe.l under low heating rates may be of limited signi-
ficance in rationalizing explosive sensitivity and interior ballistic behavior,
A more careful investigation of the effects of heating rates is indicated.

L~
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SECTION 11

INTRODUCTION

1. OBJECTIVE

The objective of this program was to obtain correlations between
impact sensitivity and molecular structure of high energy oxidizer materials
through a study of their thermal decomposition kinetics resulting from iso-
thermal and rapid heating.

2, BACKGROUND

Despite the considerable amount of effort that has been and is being
devoted to the study of oxidizer sensitivity, understanding of the molecular
basis for their sensitivity is poor, Solid fluorine oxidizers, for example,
possess sensitivities appearing to be at variance with their reasonable
thermal stabilities and differing in an as yet unexplained fashion with
molecular structure, physical form, and mode of excitation (impact,
friction, and spark).

Basically, inability to rationalize the behavior of these materials
arises from lack of knowledge as to the molecular events occurring during
the detonation process, The usual picture of impact detonation, for example,
assumes localization of the impact energy within microscopic volume elements,
with consequent initiation of thermal decomposition, Exothermic reactions in
the decomposition process produce further localized adiabatic heating and
very rapid escalation of reaction rate to the point of detonation., Obviously,
therefore, a complete understanding of detonation sensitivity requires a
detailed understanding of the thermal decomposition kinetics and mechanism
at temperatures and times corresponding to detonation processes, i,e,, at
temperatures of several hundreds of degrees centigrade and times approxi-
mately betweea v,05 and 50 milliseconds. The dependence of sensitivity
upon moleculnr structure, for example, can be expected to differ if the
explosive chain set up in the "hot spot' is strictly a thermal one or is addi-
tionally complicated by chemical chains, e,g., free radicals.

Simulation of detonation conditions in such a fashion that confident
kinetic conclusions may be drawn is a formidable experimental task, In
point of fact, it is unlikely that any one experimental approach will elucidate
completely all facets of the process. Ideally, the following experimental
requirements should be met:

o Isothermal kinetic measus2ments during time periods
between 0.05 and 50 milliseconds after initiation

e Heat-up of sample to a known temperature in times short
as compared with the above, i.e., heat-up in micrqseconds;
this, plus the above, necessitates very small sampies in
intimate contact with a thermostat,

LOCKHEED PROPULSION COMPANY
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e Identification of reaction products and intermediates
(free radicals, ionic species)

e Quantitative measurements of rates of decornposition of 1
starting material, rates of production of intermediate
species and products, and lifetimes of intermediate species

It w the purpose of this program to apply a newly developed
technique, fi.sh mass thermal analysis (FMTA), to study the chemical
phenomena underlying NF oxidizer explosive sensitivity, Initially, emphasis
was to be placed upon the study of solid NF oxidizer decomposition kinetics
and energetics, However, because of the change in emphasis toward NF
polymers, e.g., PBEP, plans were modified to provide for a more intensive
s.udy of phenomena (structure, impurities) controlling the sensitivity and
stability of these polymeric NF materials.

3. EXPERIMENTAL APPROACH

One technical approach expected to meet the experimental require-
ments of this program involves the very rapid pyrolysis of very thin sample
films deposited upon a heating element, the latter being inserted adjacent to
the ionization region of a time-of-flight mass spectrometer. This general
technique was developed previously (Ref, 1), and the results obtained pro-
vided confidence that this method, with some modifications, would serve the
purpose of this program, This technique combines the following potential
advantages:

e  Ability to achieve programmed, high sample heating rates

e Ability to detect at high analytical sensitivity the primary
decomposition species

e Ability to operate at high time resolution relying upon the
high spectral frequency (10* spectra per second) of a mass
spectrometer operating on the time-of-flight principle

The early experimental arrangement was as follows: Microgram
quantities of the solid material were coated on a plat‘num (Pt) wire heated
in microseconds to several hundred degrees centigrade by a capacitor dis-
charge, Tl : coated Pt wire was located within approximately two centi-
meters of the ionizing electron beam in a Bendix Time-of-Flight mass
spectrometer. Gaseous decomposition products therefore were detected
and measured every 100 microseconds. Wire temperatures were measured
by incorporating the wire in a Wheatstone Bridge circuit that became
imbalanced as the wire temperature (resistance) rose. Simultaneously with
the capacitor discharge, a battery current was imposed upon the bridge that
provided a known bridge input for temperature measurement, and also helped
to maintain the wire at constant temperature as the capacitor current dissi-
pated. The mass spectra were recorded using photographs of the oscillo-
scop? tube face upon which the mass spectra were displayed. Recording of
the mass spectra every one hundred microseconds was accomplished using
either high-speed cinematography, or the Z-axis modulation procedure

-4-
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(Ref.2), in which each mass peak is presented on an oscilloscope as a time-
dependent series of dots with intensity proportional to concentration.

The Bendix Time-of-Flight mass spectrometer was used as the
instrument with which to analyze the gaseous products from the decomposing/
reacting materials because it is capable of acquiring data at a rate fast
enough to keep pace with the pyrolysis reactions at high temperatures/heating
rates, The mass spectrometer operates with the sample in a vacuum, so
that only the primary decomposition species are studied. Close proximity of
the sample to the ionizing electron beam assures that the primary species
undergo no collisions before analysis, i.e., no secondary reactions. The
mass spectra also are sensitive to the structure of the gaseous species, so
that identification of the thermal fragment structure is possible, The mass
spectrometer also is capable of continually analyzing the products from
many simultaneous reactions, so that the relative importance of different
reaction mechanisms at different temperatures can be evaluated.

The electrically heated platinum filament was selected for use as
sample holder/heater for very small samples in order to heat the samples
at rates simulating those encountered in detonation and combustion processes,
The well-known linear temperature dependence of the electrical resistance
of Pt permits use of the heater as its own thermometer, thus eliminating
errors associated with attaching thermocouples or other heat sensing devices.
The small sample size (10 to 20 micrograms) assures the cluse compliance
of the sample temperature to the filament temperature. The low thermal
mass of the filament and sample permit the use of simple techniques, such
as capacitor or battery discharge to achieve the desired heating rates.

The Pt filament used was originally a wire, but this was changed
to a ribbon to facilitate, and to improve, accuracy of sample preparation
and to improve the geometric factors involved in the sampling of the gases
leaving the surface of the filament during pyrolysis,

To study the effects of heating rate on the kinetic mechanisms, the
capacitor discharge circuit was replaced by a 24-volt battery. This dropped
the heating rate from millions of degrees centigrade per second to hundreds
of degrees per second, stretching the duration of an experiment to as much
as two seconds. Consequently, high-speed cinematography was capable of
achicving such suitable time and temperature resolution of the pyrolysis
species mass spectra that the tasks of data reduction and reaction mechanism
determination were facilitated.

The use of the mass spectrometer for mass analysis during sample
heating is known as Mass Thermal Analysis (MTA), In the current work,
the terminnlogy has been extended, for convenience, to isothermal FMTA
and dynam.¢c FMTA. The E stands for ''flash' heating., Compared with other
methods, the current heating rates are fast enough to justify the use of the
term, flash heating, and by combination with the mass thermal analysis
technique, the process is best described as Flash Mass Thermal Analysis,
or FMTA, The two methods of sample heating during pyrolysis are exactly
analogous to those used in thermogravimetric studies, Hence, isothermal
FMTA refers to the study of reactions occurring when the sample is flash
heated to an isothermal condition, and held there during the experiment,
Dynamic FMTA refers to the study of reactions occurring during a linearly
programmed temperature rise,

-5- (The reverse is blank)
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SECTION HI

EXPERIMENTAL MEASUREMENTS

l. SUMMARY

Thermal decomposition rates of propellants/propellant ingredients
can be extremely high. The instruments and techniques used to study the
pyrolysis of these compounds should, therefore, be capable of acquiring data
at rates characteristic of the processes. The mass thermal analytical tech-
nique developed for such investigations at LPC uses the fast scan speed of
the Bendix TOF mass spectrometer. Figure 1 shows a schematic of the ex-
periments. The sample, weighing 5 to 20 micrograms, is coated on a resis-
tive platinum ribbon located 2 millimeters from the ionizing electron beam of
the mass spectrometer. The ribbon and sample are heated by a battery dis-
charge for slow heating rates or a capacitor discharge for fast heating rates.
The ribbon forms one arm of a Wheatstone bridge that determines the
temperature-time profile of the ribbon and sample. For slow heating rates,
the mass spectra displayed on an oscilloscope are monitored continuously by
fast cinematography. For fast heating rates, the mass spectra are recorded
photographically using the Z-axis modulation of the oscilloscope display.
Alternatively, individual m/e peaks may be monitored as a function of time.

This section contains the details of the experimental arrangement,
including mechanical modifications to the Bendix TOF mass spectrometer,
the electrical circuitry required for the sample heating, and the electronic
circuitry necessary to acquire meaningful data. Because the pyrolysis
ribbon temperature measurement is intimately connected with its heating,
the mathematical models necessary to obtain temperature data from the
obscrved electrical parameters are derived, A computer-predicted tem-
perature profile of the ribbon agrees well with the experimental value,

2, APPARATUS

a. The Bendix Time-of-Flight (TOF) Mass Spectrometer

The TOF instrument consists basically of three sections: the
ionization chamber, the flight tube, and the detector multiplier. In the
normal mode of operation, ions are produced by a beam of electrons of con- 3
trolied energy every 50 to 100 microseconds. (A 100-microsecond cycle can g
be easily achieved.) Immediately afte:i the electron pulse, voltage pulses :
are applied, accelerating into the flight tube positive ions with identical kinetic
energies per unit charge. Because the flight tube is field-free, the ions
travel at velocities proportional to\e/m (e and m are charge and mass, re-
spectively) and thus arrive at the detector at different times., The detector
multiplies the signal resulcing from cach group of ions at given arrival times,
yielding an intensity--arrival time (m/e) spectrum of the ions produced in
the ionization chamber. When the voltage and electron pulses are applied
every 100 microseconds, a cornplete spectrum (in the m/e range of interest
here) is obtained every 100 microseconds,

ol ot
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Mass resolution of the Bendix spectrometer is such that no
more than a one-percent peak height contribution exists between adjacent
peaks (one mass unit apart) in the Hg spectrum at m/e of 200.

b. TOF Modifications
(1) The Sample Holder

To achieve high heating rates, it is essential that the
sample holder be of low mass (low heat content). Because it is desirable to
heat the sample electrically, the geometry must ensure a reasonable elec-
trical resistance for ohmic heating. The sample holder must also be con-
structed of a relatively non-reactive metal. All these constraints dictated
the use of a platinum ribbon sample holder. The wide, flat ribbon (15 by
1.02 by 0.025 mm) permits distribution of the small sample over a large area,
resulting in a thin film that ensures good thermal contact and close compli-
ance of sample temperature to the ribbon temperature.

(2) Direct Inlet Sample Probe

In the early studies it was necessary to remove the ion
source and the lower header plate leading into the spectrometer ionization
region to introduce a sample. To improve efficiency of operation, a Bendix
Direct Inlet Probe, Model 843A, was installed. A schematic ¢ the probe
inserted through its vacuum lock is shown in Figure 2. The samgle mount
and heater received with the probe were replaced by one appropriate for this
program (Figure 3). Location of the probe and assembly within the spectro-
meter is depicted in Figure 4, showing that the sample can be located
immediately adjacent to the electron beam or can be pulled back as much as
five inches. The actual distance between sample and electron beam can, of
course, be calibrated. The probe assembly requires its own high vacuum
pumping station.

When the probe is positioned so that the sample is approxi-
mately 2 mm from the ionizing electron beam, a higher intensity spectrum
results than would be possible for a system in which the sample were located
at greater distances from the electron beam. Also, short-lived products may
be detected before decay to secondary species.

(3) Cold Traps

The ionization chamber is cryogenically pumped with two
specially designed liquid nitrogen cold traps {Figures 5 and 6). Their func-
tion is two-fold: (a) the residual H20 background is reduced to virtually
zero, and (b) pyrolysis products that escape from the ionization region are
trapped before they can rebound from the walls and re-enter the ionization
region, This ensures that most of the products being analyzed are detected
while in a high energy state and have not collided with sampling system walls.

A viewing port also was incorporated into the upper trap
assembly to permit visual observation during the delicats insertion of the
sample mount up to the ele« tron beam and for possible radiometer observa-
tions during actual firings.

s
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Figure 2 Bendix Direct Iniet Sample Probe E
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c. Electronic and Electrical Circuitry
(1) Introduction

In the LPC experiments, the sample may be heated in two
different modes: (a) flash heating (3 x 107 °C/second) to an isothermal con-
dition (isothermal FMTA) and (b) a slower temperature rate of increase that
was varied from 100 to 200°C/second (dynamic FMTA). In either case, the
platinum filament constitutes one arm of a Wheatstone bridge. Before each
sample run, the bridge is nulled. As the riokon is heated, its resistance
changes and the bridge becomes unbalanced. The output signal of the bridge
is fed to an oscilloscope and is recorded photographically,

(2) Isothermal FMTA

Because the method requires precise coordination in timing
of the sample pyrolysis (capacitor discharge) with the spectral recording
(time resolution) and temperature recording (bridge imbalance), considerable
time was spent in designing and modifying circuits. Specifically, eaxly
measurements showed the capacitor discharge to be unacceptably slower than
expected, causing a serious interference with the bridge imbalance measure-
ment (temperature definition). Circuitry modifications drastically reduced
this discharge decay to within acceptable limits (90 percent complete in 10
imicroseconds). Other circuitry modifications included:

e Installation of a second firing circuit, to be activated
a predetermined time after the first capacitor dis-
charge and producing a significantly higher ribbon
temperature. This second discharge is intended to
pyrolyze all remaining test material for the purpose
of obtaining a material balance.

e Installation of a scope blanking circuit for controlling
the spectral recording time,

The general sequence of events in a pyrolysis experiment
is shown in Figure 7. The process is initiated manually, thus activating the
firing relay. This, in turn, accomplishes three steps siimultaneously:

® Activation of the firing relay discharges the first
capacitor {previously charged to a known high voltage)
through a thyratron and into the bridge, one arm of
which is the sample filament. The resultant bridge
imbalance is displayed on an oscilloscope. As may be
observed in the discharge circuit detail, the actual
discharge through the thyratron is triggered by a 24-
volt battery impressed upon the thyratron grid. The
battery also supplies voltage to the bridge to maintain
the filament temperature and for a bridge imbalance
input after dissipation of the capacitor (perhaps 10
microseconds). The heated filament produces gaseous
decomposition products, some of which pass into the
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the electron beam, are ionized, and are pulsed down
the flight tube every 50 (or 100) microseconds. The
resultant spectra appear on the mass spectrum scope,

® The relay activates a time delay circuit (Figure 8) that
will initiate a second capacitor discharge, if desired,
after a known time interval. This is the discharge for
"flashing" off all remaining sample for mass balance
purposes.

] Finally, the relay activates the scope blanking circuit
that controls the time during which the mass spectra
are actually displayed on the oscilloscope, thus elimi-
nating complications because of background spectra
before discharge or to gaseous reactions occurring
after the time period of real interest.

Details of the oscilloscope blanking circuit are shown in
Figure 9. This circuit is divided into two functional sections: on the left of
the vertical dotted line is a DC amplifier functioning as an electronic switch,
and on the right there is a variable time delay circuit. The two transistors
in the left section are designed to prevent the 20-KHz spectrometer trigger
pulse from passing through to the oscilloscope until such time as the +24-
volt switched circuit is activated, i.e., until the firing relay (Figure 7) is
triggered. At that time, the transistor switch is opened, the 20-KHz pulse
triggers the oscilloscope sweep, and hence the spectral data presentation,
and the capacitor begins charging in the time-delay circuit, After the capaci-
tor has become charged to a certain percentage of its total capacity, the
transistor in the time-delay circuit switches on, causing the 20-KHEz trigger
pulse to be by-passed to ground and preventing any additional spectral data
presentation on the oscilloscope. By use of the variable resistor in the time
delay circuit, the time delay may be varied between approximately 100
microseconds to 10 milliseconds.

The time delay circuit for the second capacitor (Figure 8)
is virtually identical to that in the blanking circuit except for the presence of
a pulse transformer that becomes activated after the time delay and
immediately triggers the thyratron of the second discharge circuit.

(a) Time-Resolved Data Acquisition

As indicated, the fe:.sibility of resolving the separate
mass spectra obtained at each cycle of the spectrometer has been demon-
strated by either the Z-axis modulation technique or by high-speed cinema-
tography. Because the former is only semiquantitative and the later
relatively inconvenient, the possibility of spectral data acquisition with high-
speed magnetic tape was investigated. It appears, however, that this appli-
cation would entail an advancement in present technology requiring
considerable expense and development effort. Hence, the Z-axis modulation
and cinematographic techniques were pursued.
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(b) Detection of Transient Species

One of the great advantages of the hot filament-mass -
spectrometer tcchnique for elucidating reaction mechanisms is its ability to
detect small amounts of transient species if their lifetimes approximate 50
microseconds or greater. It also is possible, in principle, to determine if
such species are neutral, free radicals, or ionic.

Free radicals, for example, may be detected if the
energy of the ionizing electron beam is maintained above the ionization po-

tential of the suspected free radical but below the appearance potential of its
parent molecule.

Alternate methods have been considered for detecting
ionic species. Bendix has developed a complex system employing charged
deflection plates for removing--and therefore detecting--ions present in
flames or plasmas (Ref. 3). A modification of this technique originally was
contemplated for use in this program. However, further consideration indi-
cates that straight-forward pyrolysis experiments with and without the ioniz-
ing electron beam would provide a simpler and more sensitive method for
detecting ionic intermediates.

(3) Dynamic FMTA

The Dynamic FMTA heating of the ribbon is produced by
disconnecting the capacitor discharge circuit and inserting a 24-volt battery
connected in series with the bridge. The rate of heating may be varied with
a rheostat, also ir series with the bridge. A schematic of the circuitry is
presented in Figure 10.

For the slow heating experiments, a high-speed framing
camera was employed to photograph the spectrum oscilloscope trace at a
speed of 200 frames/second or 1 frame each 5 milliseconds. In general, the
heating rate was 100°C/second. With the small sample, the pyrolysis event
usually was completed within 2 seconds (Figure 11). To synchronize the
temperature trace oscilloscope with the spectrum oscilloscope, a flashlamp
vas triggered simultaneously with the beginning of current input to the ribbon.
The flash overexposes the first few frames on the spectrum oscilloscope,
thereby marking the beginning of heating, The same trigger pulse that fires
the flashlamp also is used to trigger the sweep of the temperature trace
oscilloscope.

3. TEMPERATURE DEFINITION AND MEASUREMENT

Meaningful kinetic and mechanistic conclusions regarding the rapid
thermal decomposition processes will necessitate accurately known, uniform
sa.nple teraperatures. Two complementary approaches were employed
in this program. First, a complete mathematical analysis of the thermal
processes cccurring in the filament and sample has been performrcd and is
programmed for computer calculations. In conjunction with the measured
voltage input to the filament, this analysis, in principle, should yield a com-
plete time-position-temperature profile. Secondly, the spatial average
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temperature of the filament is being determined as a function of time from
measurements of input and cutput voltage to the bridge in which the fila- .ent
forms one arm.

a. Filament Heating Without Sample

Briefly, the physicil situation is the followirg. A platinur. (PY
ribbon (2 mm by 0.025 mm in cross section) is attached at each end tc con-
necting posts cf -elatively large mass (Figure 3). The ribbcn lexgth is
approximately 1.5 cm, and forms one arm of a Wheatstone bridge. A
capacitor discharge is triggered through the ribbon by impressing the output
of a 24-volt battery upon the grid of a thyratron 'Figure 7). The battery also
supplies current to the ribbon through a variable series resistor, thus heip-
ing to maintain the ribbon temperature after the rapid dissipation of capacitor
current. In addition, tie battery provides a known input voltage to the bridge
imkaiance (caused oy ribbon termperature rise) that may be measured and the
average (over-the-length; ribbon temperature caiculated.

The general differential equation iescribing the time and position
tlength) dependence of temperature for the ribbon is

3T JHYR(T) = GESIT*-Tg*) ‘1)
2t 3 xZ 4.122CA sCA '

17

where ¢ and C are density and specific heat of the metal, A is the cross sec-
tion of wire and ribbon, K is the metal thermal conductivity, g E represents
surface emissivity, S is surface area per unmit length. I is current, and R ic
resistance per unit length. The first term on tke right side of Equation 1
represents the effects of heat conduction along the metal, *he second term
represents the ohmic keating, and the third represerts heat ..sses because
of surface radiation to surroundings at ambient temperatuare To.

For each of the wires the initial and boundary conditions are the
followir g:

o T:Toatt=0forallx

Sl b, AN, AN AN A 0 o RN S’ ot Al SRR DMBIRGAEE. -

® T = To at ail t for x - o, i.e., heat conduction at binding
posts assumed large enough to maintain them at ambient
temperature
@ Atx = 1 (junction of wire and ribbon. or ribbon and post) f
2T - 2T - F
A=— B = a2 ) 9
[ Ax “wire LA 2x “ribbon 3
i
1
E 4
¥y
:
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For the rihbon, the initial and boundary conditions include (a)
abowe, (c) at both ends, and(d)%—j-;-‘- = 0 at midpoint of ribbon, i.e., the

filament is symmetrical. Hopefully, of course, 3T/3x will be zero along
all or most of the ribbon length.

Equition (i) apparently has not been solved analytically even
when ] and R are assumed constant {Ref. 4). In the present case, the ohmic
heating term is a relatively compl’ -ated one, involving the algebraic sum of
currents (or voltages) from capacitor and battery with the former being a

known exporentizl function of time. The resistance is a known linear function
of temperature.

b. Thermal Analysis of Ribbon and Pyrolyzing Sample

The presence of sample on the ribbon obviously complicates
the situation. Radiation losses will differ from top and botton ribbon sur-
faces because of the sample coating on the top surface. Heat will be required
to raise the sample temperature, to produce decomposition, and to ’boil off™
decomposition products. On the other hand, heat will likely be produced by
certain decomposition reactions and such heat hopefully will be absorbed by
tne ribbon to maintain isothermal conditions within the sample.

Rohm % Haas (Ref. 5) carried out an approxiiate thermal
analysis for the closely related Wenograd technique wherein “etonation
sensitivity is determined by discharging a capacitor through a steel needle
exclosing the material of interest. The quantity actually measured there is
the time delay to explosion initiated by the combined heat transferred from
the needle and that produced more or less adiabatically within the decom-
posing material. The equations describing that heating process may be
adapted to the hot filament technique.

Consider a ribbon 2 cm. long, zcm. wide, and §_ cm.
thick (y direction). The upper ribbon surface (y = £ ) is coated urfiformly
with sample 55 cm thick. §_is approximately 25 microns while 2> 0.1
micron.

For the ribbon, assuming no temperature gradient along its

length:

3Tm _ Knp ¥ T, 2R
3T = anCm 3yZ T Ti8ai’m,Cm (2)

Where m refers to metal ribbon, Ky, Pms Cm and I have their previous
significance, and R " is the metal resistivity k(T) divided by xA. 1, of
course, 5 the same behavior discussed with relevance to Equation (1).
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The initial and bound2 ry conditions include the following:
) Tmz'l'oatt=0forally

e Aty = 0 (bottom surface) and all t
AT _ P .
Kn(53™) = 0Em(Tm*-To') y=0

e Aty = ﬁrandallt

I3 T

K‘“\éy :t = -h (Tm - Ts) 1,-:3,
and K (2T} _ (T - Ts)
$:o0y / m $ ]Y"'i"r

where s refers to sample and h is the thermal contact resistance coefficient.

For the sample:

ATy _ Ks [#T Qs af)
(=t j ~7sCs \ayz) Cs (ﬁ 3)

whzre Qg is the heat per g of sample reacting and f is the fraction of original
sample which is present at any given time.

Rohm 4 Haas in their analysis let

-E
= - v 1. r -EZ -
fn?l exp ¢ RT - f(l - f)zz exp I‘T 3 (4)

Q"Q'
- | =

where n is the crder of the decomposition reaction, and Z2,, and E, are the
pre-exponential factor and the activation energy for that reaction. The
second term represents the contribution of an autocatalytic reaction. Within
the bounds of our knowledge of heats of reaction and the terms of Equation
(4), Qg can be assumed to include any heat required for evaporation of
decomposition products.

Obviously ii:teraction occurs among Equations (1), (2), and (3).
In fact, a combined two-dimensional (x and y) analysis was found to be
necessary for the ribbon and its sample.

-25-

LOCKHEED PROPULSBION COMPANY




AFRF'L-TR-68-76 720-F

¢. Numerical Solution to Ritbon Temperature Profile

After: considering several approaches to the solution--computa-
tion of Equations (1) and (2), it was concluded that the most feasible pro-
cedure was to conduct an iterative computation upon Fourier series forms
of the equations. This is demanstrated briefly in the following steps for
computing T(x t) for the filament.

First, transform the equations into their parametric forms-
For the ribbon and wire:

2
FF=P3iF+t(xuT (1)

where T is the temperature above ambient T, and D = :(—C
possess their usual identities. The function f (x, t, T) is defined by

, the other symbols

f(x.¢.T) = l‘ft)n;ﬂ') - OES[ST:E%)‘ - To*]

The boundary conditions for Equation (I’)are the same as before.

For the sample in the direction perpendicular to the ribbon surface:

3T T .
Q :
Where g is given b = the boundary conditions for Equation (3')are:
YC_ at
s

T = 0. t=20
S

dT.!
K,(B%i, = Km(gi;'@-) = h(Tm - Ts). y=0

i.e., at ribbon/sample interface.

%3‘_8 - QKE;_s [(Ts + To)* - To'). y=a,

i. e., at surface of sample.

Step 1: Assume T initially zero, yielding

£°)x. 1) = f(x.t. T=0)
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Step 2: Compute

2§+ 1) nx

d°) (1) - I: £©) (x.t) cos dx

Step 3: Compute
(2§+1) & 2§+ 1)n 8

Step 4: Compute

™ot < ) 1,00 con Gl mx

Step 5: Repeat steps 1 to 4 until

T -1 ) = T (x 1)

Computer calculations of the solution to the equations were carried out for
the following case:

Pt ribbon, 1.50-cm long x 40 mil wide x 1-mil thick

K/pC = 0.25

Q = I °R74.18p CA = 2.28 x 10°

a = 2/7 = 4.54 x 103

x = 0 at midpoint of ribbon

x = 0.75 at ends of ribbon

T(°C) = 0atx = 0.7. i.e., mounting posts massive

relative to ri. .n

The resultant temperatures are shown for varioaus times in
Figure 12). It should be noted that in the absence of any conductive heat
losses (32T/3x? = 0) the quantity Q/a employed will produce a ribbon tem-
perature of 501°C after nearly 10 microseconds have elapsed. The results
demonstrate that this exact temperature is attained shortly after 10 micro-
seconds and is maintained, for example, over more than 80-percent of the
ribbon for 5 milliseconds, more than 67-percent of the ribbon for 10 milli~
seconds, and more than 33-percent of the ribbon for 50 milliseconds,

This finding has great significance for this rapid pyrolysis
techniguz., It means that a simple ribbon filament will suffice to provide
constant sample substrate temperatures for up to 10 microseconds as long as
the sample is restricted to the middle two-thirds of the ribbon. In actual
fact, this time period probably could be extended because a constant DC
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voltage also is applied to the bridge containing the filament for the primary
purpose of determining bridge imbalance and filament temperature

(Figure 13). The ability to employ a ribbon filament greatly simplifies the
preparation of filaments and increases the accuracy of temperatures calcu-
lated by the bridge imbalance technique. In addition, it will simplify the
computer calculations of Equation (1) that still are desirable primarily for
elucidating the influence of thermal contact resistance (sample/ribbon) and
reaction heats upon actual sample temperatures.

During the course of these studies, the computer program was
set up for solution of Equation (3), but was not completely debugged, so that
no calculations were with respect to the sample/ribbon temperatures during
pyrolysis.

d. Temperatures by Bridge Imbalance Measurement

The increase in filament resistance, and hence filament tem-
perature, is determined during pyrolyses by measuring the imbalance of a
bridge in which the filament forms one arm. This imbalance voltage must
be measured after the capacitor is fully discharged, at which time a known,
applied DC voltage becomes the sole source of power (small) to the bridge.
Alternatively, during Dynamic FMTA measurements, the 24-volt DC battery
is the sole heating source, so that the entire bridge imbalance/time curve
can be transformed into temperature/time coordinates. In either event, the
equations derived for the conversion are the same:

R, R,V
Rf _ ER; + ZVRS + 2VRs; + T—
ooy . o2

Ry

in which Ry is the ribbon resistance, E is the source voltage, R; is the
variable arm of the bridge, Rg is the series resistance, R; and R; are the
remaining known arms of the bridge and V is the bridge output voltage. The
temperature of the ribbon is in turn calculated from:

R, - R,
Tt=""f‘t""‘"f.l+Ti
P 3.89 x 107¢

in which Tyt is the temperature at time t, Ryt is the resistance of the ribbon
at time t, ﬁﬁ is the initial resistance of the ribbon, and T; is the room tem-
perature. Triplicate heating experiments on the same ribbon indicate less
than 5%C deviation at 200°C. It is believed that the equations and accompany-
ing experimental quantities yield temperatures accurate to within 10°C at the
highest temperature so far reached ~ 500°C.

Two attempts were made to obtain a separate experimental

verification of temperature uniformity The first involved the use of
extremely fine thermocouples (No, 40) welded at several positions along the
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ribbon. Not surprisingly, even this fine a thermocouple produced heat sinks
sufficiently great to distort the ribbon temperature profile under steady-state
current.

The second attempt involved an infrared radiometer reputed to
possess both time and area resolution suitable for determining the ribbon
temperature profile during capacitor discharge heating. Unfortunately, the
apparatus did not meet expectations.

To circumvent these difficulties, the equipment finally was
calibrated by kinetic measurements using suitable reference materials.

4. SAMPLE PREPARATION AND MEASUREMENT

Very thin sample coatings upon the ribbon are a prerecguisite for
obtaining good kinetic data within the time span of interest (~50 microzeconds
to a few microseconds) for only then can the sample be heated up uniformly
in a time that is short compared to the tntal experimental time. During the
course of the program, two methods were used successfully for applying the
samples to the ribbon. The following paragraphs give details on each method.

a. Spray Coating

Samples of INFO-635 were prepared successfully by spraying a
solution of INFO-635 in ni‘romethane from an artist's air brush (Thayer-
Chandler Model A) onto filaments mounted on the perimeter of the slowly
revolving wheel, slown in Figure 14.

A wide latitude is available for the amount of sample coating
and the particle size of the coating by varying the nozzle settings, air pres-
sure, distance between brush and filament, and wheel speed. Microscopic
examination of coated ribbons and glass slides indicates that average particle
size of INFO-635 can be made at least as small as 2 microns. Additional
optimization may reduce that size. Figure 15 is a photomicrograph of one of
the better preparations and demonstrates that this technique will produce
coatings of satisfactory uniformity.

b. Microsyringe Application

Although the spray coating method produced satisfactory
samples, it was cumbersome and unsuited to preparation of single samples.
A technique therefore was developed to apply 5 to 20 microgram samples to
the ribbon by means of a microsyringe.

Weighed samples are dissolved in a suitable solvent to yield a
solution concentration of 1 microgram per microliter. This solution then is
applied, in a dry box, carefully to the center 0.5 cm of the ribbon using a
Hamilton microsyringe of suitable capacity. With practice, it is possible to
reproduce a sample coating to within £ 5 percent of the desired value. The
solvent is allowed to evaporate, in the dry box, then transferred, in a dry
bag, to either the mass spectrometer or to a bell jar and subjected to
vacuum for 2 to 20 hours to remove the last traces of solvent. Dergazarian
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at Dow (Ref. 6) has been unable to remove all solvent from 50 to 100 milli-

gram samples of PBEP, and this residual solvent seriously affects the mass

spectra of the pyrolysis species. The use of microgram samples in the -
present work results in complete solvent removal; no part of the mass

spectra of PBEP pyrolysis species contains evidence for residual solvent.

The sample, on the ribbon and holder, then is affixed to a probe, and is in-

serted into position inside the mass spectrometer through the vacuum lock.

The sample then is heated by the capacitor discharge for isothermal studies,

or by the battery discharge for dynamic FMTA studies.

¢. Direct Determination of Sample Weight

Although it is possible to obtain quantitative kinetic data from
the uncalibrated mass spectrometer system, it is also of great value, as a
validity check, to measure the absolute quantities of materials involved in
the pyrolysis experiments.

The task involves accurately measuring microgram quantities
of material on a support that may weigh from 200 milligrams to 4 grams. At
the beginning of the program, no commercially available balance possessed
the required sensitivity at the required load. The capabilities of quartz helix
microbalances were investigated using two different helices. Although the
helices provided sufficient sensitivity, the load capacity was severely limited,
so this approack was dropped.

However, within the past six months, two balances meeting the
requirements have appeared on the market--manufactured by CAHN and by
Mettler. Their utility will be investigated in future work. '

5. DATA RECORDING TECHNIQUES
a. Introduction

Time-of-flight mass spectrometry lends itself well to fast
pyrolysis studies because of its rapid sampling rate (10 to 20 KHz) over the
spectrum of 0 to 250 mass units. This rapid rate permits the use of small
samples and small heat sources that characteristically possess low heat
capacities and therefore require less energy for a given temperature increase.

Rapid analysis coupled with extremely short periods in which the
pyrolysis prodi cts are available for detection present some stringent require-
ments for recording data. In these experiments, the time range of interest
may be as short as a hundred microseconds or, at most, two seconds.
Obviously, the data must be recorded photographically from an oscilloscope
trace. The photographic recording can be either time-resolved or time-
integrated. Time-resolved refers to the separate oscilloscope presentation
and photographic recording of each scan at 100 microsecond intervals over a
particular m/e range. Time-integrated refers to the superposition upon one
photograph with a single base line of all the separate scans occurring in the
time range of interest.

-34-

LOCKHEED PROYULBION COMPANY

“".fn. ”
N |

o5

Anaaiais it

Sk



AFRPL-TR-68-76 720-F

b. Isothermal FMTA

With the Isothermal FMTA mrethod, three techmiques of data
acquisition were used.

(1) Time-Integrated Spectra

In the first methcd, the spzctrum is recorded on a single
exposure with a Polaroid camera. Because the mass species of interest are
generated in the first two milliseconds after rapid heating is begun, it is
necessary to blank out the oscilloscope trace after that period so that the
ouild-up of gaseous products is recorded only over the time period of interest.
Thereafter, the ion concentration quickly becomes high enocugk to saturate the
multiplier electronic circait making useless the resultant spectrum. To
achieve this, the 10 KHz recurrent mass spectrometer trigger pulse is fed
continuously to the spectrum oscilloscope, causing the trace to sweep con-
tinuously. When the sample firing switch is activated, the positive 24-volt
DC source s applied to the anode of the Silicon Controiled Rectifier (SCR).
The 10 KHz trigger signal voltage then falls sharply to a valce that will no
longer trigger the spectrum oscilloscope. An advantage of this method over
mechanical camera shutters is that the blanking time can be continmmously
varied and also precisely synchronized with the beginning of the rapid heating.

(2) Time Resolution by Z-Axis Modulation

In the second method, a roughly semiquantitative pro-
cedure described by Lincoln (Ref.2) was used. Tre :nethod is called
Z -axis data display. The data are displayed on an oscilloscope in which
each sweep is displaced vertically upward from the preceding sweep. The
mass units are displayed as a series of dots along each sweep, and the dot
intensity is a function of the signal strength of each mass peak. The
experimental arrangement, that requires two oscilloscop:s and three
amplifiers, is shown in Figure 16.

Oscilloscope Nc. 1 is triggered externally from the sample
firing switch and is set for single sweep operaticz,. Any single peak of
interest in the spectrum may be selected to be displayed on the oscilloscope
by feeding the time-variable analogue gate pulse from the mass spectrometer
to the Cathode Ray Tube (CRT} input. Because the sweep speed of this
oscilloscope is slow compared to the analogue pulse sampling rate, as many
as 5000 samples of the selected mass peak mayv be displayed during the single
sweep.

Oscilloscope No. 2 is triggered in the usual manner for
obscrving the mass spectrum. The vertical input is a linearly increasing
ramp voltage derived from the sweep generator of oscilloscope No. 1. The
sweep rate of oscilloscope No. 2 is 500 times faster than oscilloscope No. 1,
and consequently the ramp voltage is sampled stepwise and is displayed as a
series of nearly ..orizontal lines. starting in time at the bottem of the CRT
and progressing to the top. The mass spectrum signal which is originally
fed into oscilloscope No. 1 is taken from the ''vertical signal out' terminal of
osciiloscope No. 1, amplified and inverted by three wide-band amplifiers and
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No. 2 is brigtened by the mass peak puises and appears as a series of dots
instead of vertically deflecied peaks. The intensity of the dots is proportional
to the mass peak height. Because the vertical axis now represents time, the
appearance and growth rate of mass fragmenls with respect to each other may
be observed.

A typical display for PFABDE is shown in Figure 20, scb-
section IV-4 (PFABDE Pyrolysis). The Z-axis display requires the use of a
photomicrodensitometer for quantitative data reduction. Unfortunately, it
was found., upon applying a uniform signal, that the oscilloscope trace was
not uniform in brightness in either the vertical or horizontal axes. across
the face of the tube. This methcd of data acguisition therefore was tempo-
rarily de-empbasized, especially in view cf the success enjoyed by the
cinematographic techniques employed in the dyaamic FMTA studies.

(3) Time Resolution by tingle or Dual Peak Display

The Bendix TOF mass spectrometer 1s equipped for moni-
toring the output at any mass number as a function of time. This operates
essentially by amplifying only those signals appearing at appropriate time
intervals after the electrical pulse that starts the ion beam down the flight
tube. In practice, because of limitations of the readout equipment, it is
difficuit to obtain more than two traces, representing two different masses.

AFRPL-TR-68-76 720-F
is fed into the CRT terminal of osciiloscope No. 2. The trace of oscilloscope

The dcal peak time resolved mass spectram technique em-
ploys a two-channel output from the mass specirometer to the oscillosccpe,
as shown in Figure 17. The signal citput from each channei then appears as
a vertical line or the oscilloscope ea-h 100 microseconds (the puise rate of
the mass spectrometer). The ime resolved traces for m/e = 52 and 71
occurring during PBEP decomposition are shown in Figure 34, subsection
Iv-5 {PBEP PYROLYSIS).

¢. Dymamic FMTA

For the Dynamic FMTA experiments, a Milliken DBM-5C high-
speed framing camera was employed to photograph the spectrum oscilloscope
trace at a speed of 200 frarmes per secoad or 1 frame each five milliseconds.
In general, the heating rate was 100°C/second. With the small sample, the
pyrolysis event ustally was completed within two seconds. To synchronize
the temperature trace oscilloscope with the spectrum oscilloscope, a flash-
lamp was triggered simultaneously with the beginning of current input to the
ribbon. The flash overexpnses the first few frames of ine spectrum oscillo-
scope, thereby marking the beginring of the heating. The same trigger pulse
that fires the flashlamp is also used to trigger the sweep of the temperature
trace oscilioscope. Because the mass spectrograph operates continuously
at 100 microsecond intervals, the experiment may be begun at any time with-
cut an error in time of greater than 100 microseconds. This presents no
serious error in time or temperature for experiments lasting one second,
covering 10,000 complete spectra. The mass spectra, from m/e = 12 to
m/e = 250 are cortiruously displayed on another oscilloscope. This trace
is photographed by a camera operating at 200 frames per second, sc that
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data is recorded at five-millisecond intervals. This is sufficiently fast to
permit accurately following the species formed in reactions induced by heat-

. ing at rates from 100 to 200°C/second. In this heating rate range, the rate
of temperature rise is 0.1 to 0.2°C/millisecond, corresponding to 0.01 to
0.02°C/complete 1nass spectrum trace or to 0.5 to 1.0°C/frame of film.
Therefore, errors in temperature correlation, induced by one (or several)
frame unce:tainty for the start of the experiment would introduce ax error
no greater than that involved in the initial (zero time) sample temperature
measurement.

(The reverse is blank)
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SECTION IV

EXPERIMENTAL RESULTS AND INTERPRETATION

1. SUMMARY

(U) This section contains details of the experimental work -- from the
taking of the data through the raduction of that data, to the deduction of
reaction mechanisms and activation energies. INFO-635, PFABDE, PBEP,
HP,, and NC were studied by isothermal and dynamic FMTA. Reaction
mechanisms were deduced for all but NC. Activation energies were deter-
mined for all but INFO-635.

(U) Correlations of mechanisms and activation energies were made and
compared to those obtained by other workers. Comparison of the regions of
the thermal decomrpositior curves studied by different techniques is dis-
cussed. The relationship of impact sensitivities of PFABDE and PBEP to
their molecular structures, decomposition mechanisms, and activation
energies is investigated.

2. DATA REDUCTION PROCEDURES
a. Reaction Mechanism and Mass Spectra

(U) Interpretation of mass specira ficin the TOF mass spectrometer
involves, to some extent, deduction of the reaction mechanism. The various
individual mass spectrum lines and their corresponding intensities are
meaningless without some idea of what caused them.

(U) In essence, the mass spectrum of a given compound is charac-
teristic of its parent species, i.e., the parent can be expected to break up
in a way characteristic of its internal bond strengths, the ionization
potentials of the fragments, and the energy of the bombarding electron
beam. Internal rearrangements may occur, or metastable ions may
form, complicating the picture. However, above a certain electron

beamr energy, more than sufficient energy is available to fragment com-
pletely all of the primary ions and to ionize quantities of the secondary
and ‘ertiary fragments., Thus, each compound has its distinctive
""cracking pattern.” From these patterns, the tables of standard mass
spectra are compiled.

{u) When working from the complete mass spectrum of 2 complex
(or unknown) compound, it is necessary to identify the parent fragments from
the complete spectrum by searching the standard tables, establishing tenta-
tive identities by shrewd guesses, subtracting the standard spectra from

the experimental one, and determining how satisfactorily the initial assump-
tions explain the observed fit. This process is repeated until all sgecies

are identified. If there is foreknowledge of the probable molecular structure,
it obviously shortens the process, because groups of atoms (or molecules)
held to others by the weakest bonds can be deduced from thermodynamic
considerations, and can be appiied as the first guess,
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(V) In studying pyrolysis speciee, it is important to identify the
thermal fragments. Thermal fragmentation of the large polymer molecules
produces the "parent" species that enter the electron beam to be ionized
and "cracked." Thus, when the "parent” fragments have been deduced for
a compound of known molecular configuration, their thermal decomposition
n. chanism becomes apparent.

(U) The above argumert is strictly true only for time-integrated
spectra of the pyrolyzing material. Time-resolved spectra offer additional
helpful clues. The "100 percent peak" (the most intense line in the mass
spectrum) of each parent thermal fragment will be the first to appear in the
mass spectrum of the decomposing compound. Thus, the early time-mass
specirum will be relatively simple, affording a simple means for rapidly,
and drastically, reducing the number of choices to make for "parents.”
Additional evolution of the mass spectra with time aids in the subsequent
decisicns between initial choices until the entire set of parent thermal
fragments has been selected. At this point, comparison of the time of
appearance ard relative importances of the species {qualitatively, the size
of the total area under the time-intensity curve) with the postulated molecular
structure of the starting material reveals the thermal decomposition
mechanism.

(U) Another outstanding feature that aids immeasurably is the
isotope ratio of atoms such as chlorine. However, these ars common to all
methods of deriving data from the mass spectra, and the emphasis here is
upon the unique advantages for interpretation afforded by time resolution

of the mass spectra.

b. Derivation of Kinetic Rate Data

(U) To correlate the results of pyrolysis of PFABDE, PBEP, and
other compounds with their impact sensitivities and thermal stabilities, it

is necessary to derive quantitative relationships. These only can be derived
if the experiment is capable of generating quantiiative dat.. As currently
established, quantitatively calibrating the Bendix Time-of-Flight mass spec-
trometer using classical techniques is a tedious process that must be
repeated for each set of experiments. However, it was appreciated that the
mass spectromreter is essentially a pressure-measuring device, and that the
generation of pressure during a pyrolysis experiment can only be accomplished
through decomposing a solid substance into gaseous species. The pressure
signal generated in the mass spectrometer by a given gas therefore should
be related to the rate of the decomposition reaction governed by the activa-
tion energy for decomposition and the tempr.rature of the solid. Such was
indeed found to be the case, and the techniques for application of the
principles follow.

(1) Dynamic Flash MTA
(U) A mathematical technique has been developed that takes
advantage of the unique differential data acquisition mode during linear pro-

grammed heating to derive reaction activation energies and, eventually, the
absolute reaction rates.
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(This Page Unclassified)

(U) This method closely resembles the Differential Thermal
Anzlysis (DTA) or Differential Scanning Calorimetry (DSC) techniques as
regards linearly programmed sample heating rates and data evaluation,
except that the data represent analytical time resolved mass spectra data
instead of integrated caloric/thermal data, and that a consideratly fasier
instrument response time is provided by using high-speed cinematography
of the scope display instead of recorders (DTA).

(V) The films taken of the mass spectral traces are analyzed
frame-by-frame for the order of appearance of species, and the parent
species deduced from structural considerations and comparison with standard
mass spectra (when available).

(U) It is expected that the key species in the initiation reac-
tion(s) for thermal decomposition can be those attached to the polymer
molecule with the weakest bonds, and hence appear first (at low tempera-
tures) in the films of the mass spectra. Several of the key species are
selected, and their spectral intensities are plotted as a function of time
(and/or temperature) to facilitate deduction of the pyrolysis mechanism.

(0) To be able to extrapolate the data obtained at one tempera-
ture and reaction rate to another temperature, e.g., shelflife prediction,
combustion rates, etc., it is necessary to derive the activation energies
and preexponential factors for the reactions. Fortunately, for the determi-
nation of the activation energy (E), absolute reaction rate data are not
required, but only the shape of the curve and the slope that can be derived
ihereirom. In the uncalibrated mass spectrometer, the line intensity, I, of
a given species is related to its partial pressure, P, in the ion chamber
through its ionization potential, its electron collision cross-section, the
electron current, i.e., the number of electrons passing through the gas
species, the electron accelerating potential (controls the electron kinetic
energy available for removing an electron from the gas species) and the
geometry of the mass spectrometer system. The partial pressure of a gas
species in the mass spectrometer ion chamber is the difference between the
rate of generation of the species (in this case by pyrolysis), and the raie at
which the species is removed by the vacuum pumps, the cold traps, and to
the rate of removal of ionized species by injection into the flight tube. Some
of the ions are buried in the material of the ion collectors. The remainder
are neutralized and removed by the vacuum pumps. All of the above
phenomena involve proportionality factors that should be constants for any
given gas species (ion or neutral) during any particular experiment.

(0) When the rate of reaction becomes rapid enough, the
reaction energy is released at a rate faster than it can be conducted away
tarough the solid, and auto-acceleration of the reaction occurs. The exact
reaction rate at which auto-acceleration starts, therefore, is a function of
the particle size, the thermal conductivity of the solid, the density of the
solid, the specific heat of the solid, and the heat of reaction. In any given
experiment, these quantities are all constant.
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(U) The constant factors discussed above can be determined

by application of a suitable computer program to results from a standard
material possessing well-known thermal conductivity, specific heat, mode

of decomposition, heat of reaction, density, and controlled (or measured)
particle size, Development of the computer program for this purpose may
involve a fairly large effort, so it is desirable to first determine the appli-
czbility of the method, as regards the validity of the mathematical treatment.

(U) If the rate of generation of 2 species can be represented
by the Arrhenius rate expression as a first order reaction, then:

I « Pa(1/x)(dx/dt) = k = A exp. (-E/RT)
or: I = B exp. (-E/RT)

wherein B contains the Arrhenius frequency factor, A, the mass spectrome-
ter system constants, and the fraction, x, of a given species which remains
unreacted at any given time. Consideration of x as constant over a small
time or temperature interval introduces only a small error in calculating E,
because it is the fraction reacted that is important in thie case and not the
absolute quantity. Taking the logarithm of the function yields:

2,303 log. I = -E/RT + 2.303 log. B

(u) A plot of log, I versus 1/T should yield a straight line
with a slope of -E/(2.303 R). The intercept at log. I = 0 will yield 2 value
of log. B that may be of value later to evaluate A, specific reaction rates,
and mass spectrometer system constants,

(u) It is expected that the activation energy for the thermal
decomposition reaction of a compound will reflect the activation energy of
the primary decomposition species. Therefore, the Arrhenius plots of the
first detected species are analyzed.

(U) To test validity of the foregoing treatment, it was neces-
sary to study other compounds for which the activation energies already had
been determined. The reference works selected concerned PFABDE and
HPF,. The work on PFABDE performed at Dow Chemical Corporation (Ref. 7}
used thermogravimetric (TGA) techniques. The TGA method uses data
acquired after the reaction ic in the autoacceleration phase, so that the Dow
data correspond to the "high temperature" or "B" regime (see subsection
IV-4 on PFABDE).

(C) Because the first product appearing in the decomposition
spectrum of PFABDE is NF,, that species is take. as representative of the
initiation process. The "high temperature'' iregime¢ yields an activation
energy of 46 Kcal./mole for NF, comparing favo-ably to the value

of 46 + 5 Kcal./mole obtained by Dow.

(U) Work on HP, was performed at Thiokol's Reaction Motors

Division (RMD) (Ref. 8), using time-to-acceleration techniques with a closed
vessel. This technique yields the activation energy for a reaction that occurs
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before autoacceleration -- corresponding to the ""low temperature” regime.
Figure 42 presents the Arrhenius plots of the HP, pyrolysis data using the
LPC techniques. The "low temperature” regime yields a value of 23 Kcal./
mole, comparing remarkably well with the value of 23.5 Kcal./mole obtained
by RMD. Thus, not only the validity of the method is established, but also
the fact that one experiment, using microgram quantities of material, yields
data on two reaction regimes of interest.

(0) For complete definition of the reaction kinetics, the value
of the reaction rate, reaction rate constant, or preexponential factor must
be determined as well as the activation energy. The rate of disappearance
of reactant, hence rate of appearance of products, during the first order
reaction is given by:

dx/dt = kx
or: (1/x)(dx/dt) = k
which is mathematically identical to:

d(ln x)/dt = K (where In refers to natural logarithms)

on integration between limits:

Inx, -Inx, - k(t, - tl)
{U) Because the ratio x,/x, is the same if x is an absolute
value or a fraction of the absolute value, the above rate expressions are
likewise indifferent to the way in which x is expressed. This fact, together
with the differential nature of the analytical technique, provides the key
whereby the absolute reaction rates and preexponential factors may be
derived from the data taken by the uncalibrated system. The total area
enclosed by the intensity/time curve for a given mass species represents
the total quantity of that species formed as the result of the reaction. Awny
portion of the total area, taken at a definite time, then represents a definite
fraction of the quantity of that species formed. The total area, and suiiable
fractions thereof, taken at short time intervals during the initial stages of
the reaction, then can be re-plotted as In x versus time.

(0) The above arguments assume that no consecutive reactions
are involved, which is a good assumption in these particular experiments,
i.e., primary species evolved into a vacuum in close proximity to the
ionizing electron beam. The mean free path of the primary species is much
longer than the path to the electron beam.

(V) Because each time corresponds to a definite temperature,
the slope. of the plot, taken at several times, correspond to values of the
absolute reaction rate constant, k,-taken at several temperatures. The In k
then can be plotted against reciprocal absolute temperature in the conven-
tional manner, and both the activation energy and the preexponential factor,
A, determined rouiinely, While the theory is clear. a suitable simple kinetic
system with which to test the theory has not been found yet,
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(2) Isothermal Experiments

(u) As mentioned earlier, flash heating of a sample to an
isothermal condition is essential to a complete understanding of the explosion
criterion. Ubbelohde, Wenograd, and others (Refs.9, 10) have demonstrated
a relationship between explosive sensitivity and time-to-detonation of explo-
sives. Wenograd's experiments m~st closely approximate the LPC experi-
ments in that electrical flash heating of small samples was used to achieve

a high heating rate. Therefore, Wenograd's relationship will be used at

the start as the basis of comparison. Wenograd found that the time-to-
explosion could be expressed by an Arrhenius-type equation:

tp = A' exp. (B'/RTE)

where tp was the time to explosion, T was the absolute temperature at
which the explosion cccurred, and A' and B' were arbitrary constants. He
considered B' to be an "adiabatic’ activation energy that could be used as a
rough estimate of the true activation energy for explosion. His activation
«nergy data did not agree with those of other workers who made low-
temperature isothermal investigztions. However, he found that when data
were extrapolated by the use of the above equation, to ty = 250 microseconds
(the contact time during impact testing) that each organic nitrate/nitro explo-
sive exhibited a characteristic temperature more representative of the
impact sensitivity than the "activation energies." Thus, Wenograd's corre-
lations must be included in any investigation intc molecular structure/
activation energy/explosive sensitivity relationships.

(U) The workers at RMD, whose experimental data was pre-
sente- in the discussion of HPF,, correlated the time to autoacceleration to
activation energy using a more rigorous mathematical treatment. By
making the assumption that the concentration of reactant present is constant
when autoacceleration begins at a given temperature, it is simple to trans-
form the Arrhenius rate expression to:

l/I:i =k k = koA exp. (-E/RT)

This would appear to be the reciprocal of Wenograd's equation, with:

- = A! _F = R!
1/t =tz k A = A', and -E = B".

Note that in neither case is the value of the Arrhenius preexpcnential factor
readily derivable from their experiment., However, with the value of the
preexponential factor available from the linear programmed heating rate
cxperiments using the LPC technique, and the value of the k_A available
from LPC flash-heated isothermal experiments, it should be possible to
produce a reasonable theoretical correlation between molecular structures,
kinetic rate data, and explosive sensitivity.

(U) In essence, the isothermal technique uses a capacitor dis-

charge in place of the battery used for linear programmed heating to achieve
temperatures up to 500°C in less than 20 microseconds. (Details were given
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in Section III.) The short duration of the isothermal heating technique makes
it necessary to employ extremely rapid data gathering techniques. To date,
the Z-axis modulation technique has proven the most successful, despite
equipment deficiencies. Figure 20 shows a typical isothermal pyrolysis of
PFABDE, displayed with the Z-axis modulation technique. The data are
taken for ‘0 milliseconds, well within the time held at constant temperature
as predi. ' by the computer.

(U) From the variation of intensity with time of the dots repre-
senting each key species, rates of isothermal decomposition can be obtained,
as well as time to autoacceleration. The time to autoacceleration at several
temperatures can be correlated with explosive sensitivity a la Wenograd,
while identifying the species produced before and during autoacceleration,

thereby providing clues to the molecular structure factors responsible for
the sensitivity.

() As previously stated, this technique suffers from non-
uniform brightness of the trace across the cathode ray tube (CRT). However,
it may be possible to replace the present CRT with one which, if not uniform,

would at least vary predictably so that calibration of the trace would be
possible.

(u) In summary, the foll>~ing combination of techniques have
been evaluated for studying the phenomena as siated:

Phenomencn Instrument Condilions Data Acquisition
Thermal stability, Moderately low linear High-speed cinematograph
shelflife heating rates of syncnronized bridge

imbalance/displays of
mass spectra

Explosive High heating rates to Z -axis modulation
monitoring predetermined con-
stant temperature

3. INFO-635P RAPID PYROLYSIS
a. Results and Discussion

(v) The mass spectra resulting from a series of rapid pyrolyses
at different temperatures are given in Table I, in addition to some high
resolution data reported by Dow for a "slow' pyrolysis at 170°C (Ref. 11).
The LPC spectra are time-integrated, i.e., they represent a superposition
of spectral scans occurring every 100 microseconds during 2 10-millisecond
period initiated by triggering the capacitor discharge. The Pt ribbons were
coated by the spray technique previously described, and the amount of
sample was estimated by microscopic examination to be of the order of 10
micrograms,
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TABLE 1

MASS SPECTRA FROM INFO-635P ISOTHERMAL FMTA °

.
R el

Relative Intensity(d' b} Dow Slow
Fiiament 8 Filament 2 Filament 7 Filament 9 Pyrolysis
Mass 185°C 20¢°C 210°c 520°C 170°F
No. Possible Positive Species (1.8 msec) (1.8 msec) (100 msec) (1.8 ms=c) (Ref.1l)
12 C 3 80
13 CH 6
14 N, CH: 22 15 3 18
15 NH, CH; 11 8 2 42
1o O, NHz, CH, 74 40 17 210
17 OH, NH, 180 210 56 10
18 HZO® NHg* 240 i80 €0 34 15
19 F 5 11
20 HF* 2 13
25 CH 10
26  CHa CN 13 5 4 60 ’
27 HCN, CHa 26 24 30 82
28 Nz*, CO* CHN¥* CH* ~0 ~0 ~14 ~0 126
29 CH3N, C:Hs, CHO 36 18 42 20
30 CH{N*, NO 24 80 45 27 200
31 CF, CH;NH.;, CH;0 15 5 4
32 02 ~0 ~0 ~11
33 NF#* 85
34 <1
35 C1%¥ 1
36  HC1I¥ 8 8
37 c1¥ 1
38  HCIY, CN 7 3
39 CzHN 12 9 18 3
40 C2HN 21 8 6 6
41 CzH3N, CHO 31 26 46 3
42 CaH¢N¥*, CH,0 24 14 32 2 103
43 C2HsN, C:H;O, CHNO 50 40 54 190
44 CO# C.HeN*, CH O, NO,
CHNO 16 120 54 2z 230
-48-
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TABLE I (Continued)

Relative intensity (2* D) .

Filament 8 Filament ¢ Filament 7 Filament 9 Pyrolysis

Mass 185°C 200°C 210°C 520°C 17
No. Possible Positive Species (1.8 msec) (1.2 msec) (100 msec) (1.8 msec) (Ref.11)
45  CyHN, CNF, CHLO 19 3 27 11
46  NO; CHNF, C3,F 7 4
47 CHNNF, CH,F 3 1
48  CH3;NF, CHsF, CHCI% 3
50 CH,C1%, CF; 1 8
51 ci1¥o 6 2
52 NF: 2
53 C1770, HNF: 6 7
54 7 5 8
55  CaHON 17 i9 39 7
56  CgDON 11 9 23
57 Ca;0N, C;NF 13 14 38 5
. 58 CHON, CaHANY 1!
5% CHNF, CHNO2, CH3;N:0,
CHNO 83 43 6
6G Ca3,3NF, CH¢NO 12
61 2
62 <1
63 1
64  CNF: 6 5
65 ' 2 2
66 N.F2 5 3 2 some" :
67 C13%0*, C;HON 3 10 2 130
68 Cs;H:ON 5 14 2
69 C170:*, C;H;ON*, CF; 10 20 5 49
70 CsHON 9 34 2
71 C3HON 6 20 2
72  C3H¢©ON 8
73 CsHON 8
74 C3H4ON, CaHNCI 1
-49.-
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TABLE I (Continued)

Relative Intensity 2 b Dow Slow

Filament 8 Filament 2 Filament 7 Filament 9 Pyrolysis

Mass 185°C 200°C 210°C 520°C 170°F X
No.  Possible Positive Species (1.8 msec) (1.8 msec) (100 msec) (1.8 msec) (Ref.11) i
75 CHNC1+ 37
76 C2,NC133 1
77 CHNC13% 2
78 C{NF)2 t
719 HCINF)2 5 :
80 CONF ;* 3 2 10
81 5 14 18
82 CCl; 3 12 4
83 C13%0;, CNF; 8 13 4
84 6 10 4
85 Cc1370, 5 9 2 !
86 7 f
87  C;HON*, NFCOCAH, 2 53 i
84 NFCOCH; i o
89 2
91 <1 2 .

92 <!

93 <1 2

a4 i z

95 7 2

96 Il 2

97 9

98 6

99  C1%%0, 3 12 '

100 HC1%0, 2
101 c170, 1
102 HC1¥0Q,, F:CNF, 1
103 1
104 1
105 2
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(This Page Unclassified)

TABLE I (Continued)

Relative Intens ity(a’ b)

Dow Slow
Filament 8 Filament 2 Filament 7 Filament 9 Pyrolysis

Mass 185°C 200°C 210°c 520°C 170°F

No. Possible Positive Species (1.8 msec) (1.8 msec) (100 msec) (1.8 msec) (Ref.11)

106 1
107
109
110
111  C(NF),
112
113
114
115
117
119
121
122
- 123 CgHeNF*
124
125
126
128
129
135
138
156 C,H,ON,F, * "some"
158 C(NF,),* "some'"
196 1
197 1
198 2
206 <1
Total ion intensity x 107 6.94 13.3 65.5 10.8

4 ]
e e sl D e e

16

N b W e e (NN N e e e e e WO B W

a) Relative to total ion intensity for particuiar run.
b) Mass range cf 12-250 observed for Nc. 7, 14-10C for numbers 2 and 8,

and 12-100 for No. 9.
*  Species identified by Dow using high resolution apparatus, and slow heating

(Ref. 11).
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(u) The temperatures given in Table I are the averages over the

length of the combined wire-ribbon filaments, calculaied from the observed

bridge imbalances after 250 microseconds. As discussed above, the tem- -
peratures are believed to be constant in time, buc these average values are

likely to be greater than the actual ribbon temperatures themselves because

of excessive heating of the wire portions of the filament. Experiments are ,
reported at essentially two temperatures (200 and 520°C) with the blanking -
circuit set {0 permit time-integrated spectra recorded {or 1.8 milliseconds;

one experiment was performed to provide a comparison between time-

integrated spectra recorded for 1.8 and 100 milliseconds.

CONFIDENTIAL i
|
|

(C) The time-integrated spectra are extremely complex, making
definiiive conclusions on the basis of the few experiments guite risky. The
following comments and conclusions are presented at this time.

(1)

(2)

(3)

"The presenc data are normalized by dividing the

individual intensities by the sum of the intensities

rneasured in a given experiment. This is judged less

likely to introduce artifacts that may result from

attaching too much significance to a particular peak,

such as the 43 peak. ?

For the most part, the differences in peak intensities ;
between the 185 and 200°C experiments cannc. be . i
regarded as significant in view of the errors in detec-

tion and measurement, Some differences aroear real,

however, e.g., m/e 16, 30, 36, 40, 43, 44, but addi-

tional experimentation would be necessary to determine

any causal relationship between these diff:rences and

the small temperature change,

Relatively large amounts of fragments corresponding
to the aliphatic amine and/or aliphatic ether porticns
of INFO are observed.

Increasing the observation time from 1.8 to 100 milli-
seconds produces a several-fold increase in the total
number of ions observed. On a relative basis, there
is a particular increase in such species at F, some of
the C;H N and/or C;H O, C,H ON, and numerous
species’above m/e 60. Simultaneously, relatively
large decreases occur in m/e 15, 18, 30, and 44,

Increasing the temperature from 200 to 520°C at 1.8
milliseconds yielded a particular increase in C, CH,
CH,, C,H, m/e 43 (CH,N, C,H,O, CHNO) and several
others, while relative decreases occurred, for
example, in m/e 18, 30, 44, and 19.

The various Cl species are qualitatively, but not quan-
titatively, consistent with the fragmentation pattern of
HCIO, (Ref. 12),
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(7) Similarly, the various N species below m/e 45 are quali-
tatively consistent with the fragmentation patterns of
ethylene imine (Kef. 13) or ethylamine (Ref. 14). The
existence of masses at 45 and 44 favors the amine and its
radical (-CH,-CH,-NH,), but the imine cannot be ruled out.

(8) Points 6 and 7 are in agreement with the concept that pri-
mary steps in the INFO-635P decomposition involve
dissociation into HCIO, and (NF,), C-O-CH,-CH,-NH, and
breakage of the -O-CH,-bond of the latter.

(9) Dow has postulated that an initial step of the decomposition
may involve the formation of a solid residue that subse-
quently decomposes {Ref. 11). If this is consistent with the
present observation of an increase in ethylamine fragiments
at low temperature and of HClO, and its fragments at high
temperature it is not now apparent.

(10) Fragments containing Cl, NF,and F are conspicuous in
their sparsity. The absence of NF itself in the rapid
pyrolysis experiments, and the presence of H and various
fragments (masses 45, 46, 48, 57, 58, #0, and 64) may
indicate that breakage of the C-NF bond is relatively slow
while F readily leaves the C-NF, groups. On the other
hand, the mass spectrometric fragmentation pattern of
(NFE,), COCH, is reported to contain significant quantities
of NF and NF, (Ref. 15).

(C) It would appear that the -C (NF,), and ClO, moieties are retained
in reaciion products above the m/e range observed, ané the possibility exists

of solid-solid or gas-solid reactions even within the very short times involved
here. These results from very rapid pyrolysis are in contrast to those from

the Dow slow-heaiing experiments (Para.9, above).

(C) Several pyrolyses have been conducted with a ribbon filament
upon the hydrochloride form (INFO-635C) of INFO-635P, the former being
prepared by an ion exchange treatment of INFO-635P.* The resulting mass
spectra contained little or no m/e = 35 (Cl) or 36 (HCl), and in view of the
susceptibility of INFO-635C to hydrolysis and degradation, it appears probable
that the samples no longer contained HCl at the time of pyrolysis. Although
more elaborate handling procedures could be devised to minimize such prior
decomposition, the problem has not been pursued.

b. Conclusions

(C) The most positive conclusion possible from the spectra reported
herein is that they support the postulate of INFO-635P dissociating into

(U)* We are indebted to 3M for supplying us with information upcn tae
preparation and stability of INFO-635C.
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ClO4 and (NF;), -COCH,-CH,-NH, with breakdown of the latter occurring
at the -O-CH,-bond.

(U) The present limited experiments indicate that the mechanism
of thermal decomposition of INFO-635P may be entirely different at low

(tens of degrees per minute) heating rates, and high (10® degrees per minute)
heating rates.

4. PFABDE PYROLYSIS

(C) Both PFABDE and PBEP have been of interest as high energy
oxidizer/binders for solid propellants. Both compounds are characterized
by a high theoretical NF, content and relatively low stability, PFABDE
has approximately three times the impact sensitivity of PBEP., To deter-
mine the possibility of chemically stabilizing these compounds, it is neces-
sary to determine the factors responsible for their sensitivity,

(C) Comparisons between the decomposition mechanisms of PFABDE
and PBEP are expected to emphasize differences between their structures,
PBEP contains two vicinal NF, groups -- one on the backbone and one on
the side-chains, PFABDE contains two tris (difluoramino) methoxy groups,
both of which are on side-chains, Therefore, it appears reasonable to
expect different mechanisms for the decomposition initiating reactions.

a. Isothermal Pyrolysis Results and Discussion

(U) Numerous pyrolyseshave been conducted upon PFABDE, using
both time-integrated and time-resolved recording of the spectra obtained at
10 KHZ frequency (100 microseconds),

{U) Figure 18 is a line drawing typical of the time-integrated
spectra of the low mass range obtained during rapid pyrolysis of the PFABDE,
Results are shown for a 1.8 milliseconds observation (18 scans) of PFABDE
gaseous products at a pyrolysis temperature of 260°C. Tentative identifica-

tion of the species from these and time-resolved experiments are shown in
Table II.

(u) A pyrolysis run was completed with PFABDE at 200°C using
time -integration and monitoring the high mass range., The spectrum
obtained is reproduced in Figure 19. The observed m/e peaks, and their
tentative identification are presented in Table III,

(C) Other m/e peaks were observed at low intensity. This pattern
suggests that one of the pyrolysis routes involves elimination of the tris-
(difluoramino) methoxy group, breakdown of the latter to generate ,NF, and
.F radicals and fast reaction of these fluorine species with the polymeric C,
units,

(U) The Z-axis multiple peak technique (Ref,2) was used for
obtaining qualitative time-resolved mass spectra during pyrolysis, i.e.,
for separately recording the spectral intensities every 100 microseconds
over a relatively broad mass range,
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Figure 18 Line Drawing of Time-Integrated Spectra from
PFABDE lIsothermal FMTA
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TABLE I

TENTATIVE MASS SPECTRA PEAK ASSIGNMEN: FOR :
PFABDE ISOTHERMAL FMTA :

Possible Fositive Possible Positive -

m/e Species m/e Species

14 N, CH, 43  HNCL*, CZH3O(i/5)

15 NH, CI-I3 44 COz. CZH_;O

16 0O, l\lHZ 47 NZF*. COF=

17 OH, NI-I3 49

18 HZO 50 ‘

1

19 F 52 NFZ*

20 HF* 55 CZHON, C3H30

27 C2H3, HCN 61 CONF=*

28 CO=*, NZ* (1/7) 66 COFZ*. NZFZHZCNFZ

29 HCO, CZHS 69 CF3

30 HZCO, NO 80 CONFZ

31 CF 85 N2F3*

32 o, 96 2
33 NF* 103 C 4OZH 4F, C302HZNF 1
35 HZNF 120 C40H4NF2, C3OZNFZ

37 156 C302H3N2F3[OCH CHZO C(NF)(NFZ)?]

41 CZHO, C3I-I‘3 165 CON_.‘F5 [oC (NF)(NFZ)Z?]

42 NCO*, CZHZO* (1/6)

- ¥ Reported by Dow in high resolution experiments of slow pyrolyses at
135°C. Numbers in parenthesis represent relative intensities of two
species at same m/e. (Private communication, J. Flynn and
T. Dergazarian, Dow Chemical Company)
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Temperature = 200°C

Figure 19 High Mass Spectrum of PFABDE Isothermal FMTA
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TAELE HI
HIGH MASS SPECIES FROM PFABDE
ISOTHERMAL FMTA
p - m/e Value Intensity Species Likely Origint
78 Strong CN,Fpt -0-CX3
92 Medium Not Identified N
96 Medium Not Identified
103 Weak C40.H,FY, cgHONFY &  _C-c-0
120 Very Weak C4H4ONF 5 Z’( ¥
156 Weak (C4H(ON,F - HF ) Y,
165 Weak CON,F 3t -0-CX3_

s

"Refers to original structural group present in species.
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(u) Figure 20 reproduces actual oscilloscope tracings obtained
during two successive pyrolyses upon a single PFABDE sample at tempera-
tures of 230 and 260°C. Separate scans are made over the m.ass range (~10
to 100) at 100 microsecond intervals., In this representacion. the concen-
tration of any species is indicated by the brightness of th= dot {Z-axis).
Experiments with a standard signal input and with constant background (air)
signal have demonstrated significant departures from linearity of the light
spots over the face of the oscilloscope screen. Consequently, interpretation
of any small changes in dot brightness with time or frcm species to species
must be made with caution, With this reservation in mind, representative
data are presented graphically in Figures 21 and 22 for PFABDE (Intensities
are designated as: Weak, Moderate, Strong, Very Strong).

(U) Structural assignments to the observed m/e values are tenta-
tive, particularly, of course, for the quite high m/e species.

(c) The following comments are presented in summation of
Figures 18 through 22, plus the results of other similar experiments:

e Numerous species are produced even within the first
100 microseconds of pyrolysis, demonstrating the
presence of exiremeiy rapid and probably complex
processes.

® The most intense peaks observed with PFABDE include
33 (NF), 52 (NF,), 47 (N,F, COF ?). Less intense peaks
include 19 (F), 20 (HF), 66 (COF,, H,CBF,, N,F, ?), 165,
156, stc.

e The largest species observed so far with PFABDE are
165 and 156. These undoubtedly contain within themselves
the potential for producing -- qualitatively -- many of the
lower species observed as the resuit of electron bombard-
ment. Fragmentation patterns of model compounds in
conjunction with computerized data reduction will be of
great value in interpreting such data. Primary decompo-
sition steps may involve loss of the tris (NF,) methoxy
group as well as unimolecular breakage of the C-N and
N-F bonds, giving rise to free radical chains,

b. Dynamic FMTA Results and Discussions

(u) Dynamic FMTA were also performed with PFABDE, Figures
23 and 24 show the data obtained from the 16 mm film at selected intervals
(as described in a previous section). The relative growth and disappearance
of all species may be observed easily from these figures.

(1) Mass Spectrum Assignments
(U) The assignments of ionized species to the observed m/e's,

as presented in Table IV, were made on the basis cf previous experience and
by comparison with literature.
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Figure 20 Z-Axis Mass Spectra of PFABDE Pyrolysis
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PFABDE PYROLYSIS FRAGMENT HISTORIES
FROM DYNAMIC FMTA

Time (msec)

Initial Max.
855 1050
1050,
1350
1020
870 1020
1330
915 1050,
1020
1020,
1020
930 --
1020
1075
935 --
940 --
1015,
950 --
1230
955 1250
1010 1030
1050,

1250

1250

1230

1280

m/e Intensity

52,33 120

47 34, 36

45 1

44 5

43 6

61 9

18 8

66 7, 7

80 6

20 8, 1

42 4
17, 19, 31, 71, 78 1

29 3

69 3

15, 57, 64 -

30 -

59 2, 2

40 -

41 2

55 2

65, 73 1

54, 95, 98 1, 1,

1150

CONFDENTIAL

TABLE IV
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C,H30

OCNF
H20

N2F2, COF?
OCNYF2

HF

NCO, C2Hz0

HCO
CF3

H,CO_
FNCN

C20
C,HO

C3H30
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(C) Table IV also shows that ion fragments with m/e = 52,

33, 28, 47, 45, 44, and 43 are first to appear. The product species repre-
sented by m/e = 52, 33, 28, and 47 are dominant, whereas product species
represented by m/e = 44 and 43 are minor. The species at m/e = 45 never
appears as more than a trace; m/e 52 and 33 can be attributed to the positive
ions, NF,+ and NF+, presumably with NF,+ as the parent and NF+ the daughter
produced by splitting off an F atom in the ionization chamber of the mass
spectrometer. The absence of Ft or F,* ions at this stage and the low level
of F+ throughout, strongly suggests that NF, and NF may be product species
produced simultaneously, but by different thermal mechanisms, so that the
contributions to the m/e = 33 (NFt) peak could be due to ""parent" NF as well
as "daughter" NF+ from NF,*.

(C) The formation of some N,F, also is a possibility, with
resultant cracking to yield N,E;t, N,F,t, NF}, F* and N*, Again, the rela-
tively low level of Ft at m/e = 19 argues that this is not a high probability
process.

(C) The behavior of m/e = 43, Figure 25, suggests that
several reactions, occurring sequentially, contribute during the course of
the experiment. In the early stages, only m/e = 43 is evident, but is later
joined by ions with m/e = 41, and 40 (Figures 23 and 24). This cracking
pattern is highly suggestive of a hydrocarbon fragment and the most reason-
able assignment yields C,H,0% for m/e = 43 as the parent,

(C) The ion at m/e = 44 would seem to be due to CO,t, rather
than to a larger hydrocarbon fragment such as C,H,0%, since the behavior
of the m/e = 44 trace does not coincide with the behavior of the m/e = 43 as
do the ions with m/e = 42, 41, and 40.

(C) The fragment at m/e = 47 contributes a major share to the
mass spectra, and shows a distinctive double peak in the time-intensity curve
(Figure 25), as dom/e = 52 (NF,), 33 (NF), and 20 (HF). This peak could be
due to N,F+ as a fragment of the parent N,F, ion, but the absence of the

N,F,* peak indicates that this can only be a minor contribution. The alter-
natives are H,CNF and COF,

(C) It is doubtful if H,CNFT could be present in the large
amounts observed for m/e = 47 without producing sizeable peaks at m/e = 46
and 45, Since no m/e = 46 appears and m/e = 45 is very weak, the m/e = 47
peak must be attributed to COFt which could be a daughter of COF,*s NCOFt,
FNC(F)O%, or OC(F)NF,. Because most of these parent compounds should be
very unstable, they may be fragmented thermally, or by e¢lectron impact in
the ionization chamber of the mass spectrometer.

(C) The other mass assignments were made routinely by con-
sidering them as possible parents or daughters of the ion species already
assigned, Some assignments were made on the basis of an alternative but
minor decomposition mechanism whereby the tris (di-fluoramino) methoxy
group first loses oxygen, Many of the products then are similar to those 1n
the cracking pattern of perfluoroguanidine.
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(2) PFABDE Thermal Decomposition Mechanism

(C) A tentative mechanism for the prodaction of the early-
appearing species in the thermal decomposition of FFABDE may be inferred
from the order of species appearances and their relative quantities as
shown in Table IV and Figures 23. 24, and 25. This mechanism, presented
in Figure 26, involves thermal degradation initiated at the tris-NF, groups
down the whole length of the polymer, simultaneous with degradation down
the chain proceeding from the ends. The complete loss of one tris NF,-
methoxy group from each pair in the structural unit, followed by temporary
stabilization of the resulting diradical through cyclization provides a reason-
able explanation for the binodal curves portraying the history of NF* (m/e -
33), HFt (m/e = 20) and FCO (m/e = 47). oDetwzils of the evidence and
reasoning leading to the mechanisms are presented in the following
paragraphs.

(C) The shape of the NF (m/e = 33) production curve shows
the double peak also found by workers at Dow. They concluded that N,F,
was the initial thermal decomposition product whereas comparison of itc
data with Schoenfelder's N,F, cracking patterns (Ref. 16) Gemcnstrates t::e
absence of all but low levels of NLF,. However, LPC’s heating rate was
110°C/sec compared with Dow's 2°C/min -- a factor of 3,300 times as fast.
The Dow data also show that, under the assumed conditions, decomposition
began at 180°C -- a temperature much higher than the 120°C observed under
LPC conditions (Figure 27).

(C) The production of the ions at m/e = 47 and 45 concurrent
with the production of NF,* and NF* indicate that loss of a second NF, group
from either tris-carbon results in cleavage of the C-O bond at the carbon
nearest the PFABDE backbone, as shown by intermediate III in Figure 26.
At the time of the split, one F-atom from the remaining NF, group can
migrate to the central carbon atom to form the radical OC(F)NF that then
appears to decompose either spontaneously or under the influence of the
mass spectrometer electron beam. This decomposition appears to proceed
primarily to yield NFt and FCOt (m/e = 47). The comple:. may also split
to yield CNF+ (m/e = 45) by the minor route indicated. The NF,+/FCO~
ratio (Table V) agrees well with this mechanism.

(U) A cyclization of the type indicated by Figure 26, would be
expected to proceed so as to neutralize the free valencies brought about by
the preceding steps. Later decom.position at higher temperature then would
be expected to reproduce the shape of the curves recorded in Figure 25.

(C) The production of HF (m/e = 20) reaches its maxima at

the same time as the production of NF, (m/e = 52) and NF (m/e = 33). How-
ever, HF does not begin to appear in the mass spectra until 60 milliseconds
after (approximately 66°C above) the appearance of NF, and NF. The rela-
tive maxima for the HF curve are also the reverse of those due to NF, and
NF, i.e., more HF is generated at higher than at the lower temperatures.
These data indicate that an alternative mechanism possessing a higher
activation energy parallels the early mechanism that was proposed. However,
the proposed mechanism adequately covers the species observed to appear at
a much earlier time.
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TABLE V

CORRELATION OF MECHANISM WITH
EXPERIMENT, PFABDE DYNAMIC FMTA

Ratio Calculated Experimental
+ +

NF,/FCO ~3 3.5
+ +

NF,/C,H30 15-20" ~20

*
Calculated on the basis of two terminal groups per polymer chain and

polymer weights in the range of 4000 to 6500 g/mol. (10-15 monomer
units/ polymer molecule).
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(C) The production of C,;H,0% (m/e = 43) at an early stage
would appear to require the breaking of the PFABDE backbone. If such
breakage occurred readily, much larger fragments and single peak curves
would be expected. However, the prompt appearance of m/e = 43 and its
complex curve, Figure 25, again indicate that more than one process is
occurring,

(C) A prompt source of CszO+ can be found in the thermal
degradation of the polymer end-groups, as shown in Figure 26. Such a
scheme not only provides immediate production of C,H;0%, but assures its
continual appearance throughout the pyrolysis. This mechanism also pro-
vides a continuous low-level source of NF, from the end diradical, which
cannot be stabilized by cyclization,

(c) The behavior of CO,* (m/e = 44) also is anomalous. Its
early appearance and relatively late growth (ca. 500 milliseconds) would
appear to identify it as a reaction product of fragments, and also of a species
initially present. It is possible that initiators used for the polymerization

of the PFABDE would add to the growing polymer, and serve az terminator,
instead of the OH represented in I, Figure 26, Rearrangements of such
groups and release during pyrolysis could account for the early appearance
of CO,_+, whereas larger scale rearrangements or abstraction reactions
could account for the later rise to a higher yield.

(U) The complexity of the PFABDE macromolecule is such
that all atomic species are in close proximity to all other type species at
some point, Thus, more than one side-chain or structural unit may be
involved in the decomposition scheme, However, the major portion of the
mechanism is satisfactorily explained by the present assumptions.

c. Kinetic Data

(U) The results of the Arrhenius treatment for the initial decom-
position products of PFABDE are shown in Figure 28 and in Table VI,

(U) There are two distinct regimes -- the 'low temperature"
regime is labelled "A", and the high temperature regime is labelled "B'" to
facilitate comparison with the previously obtained Intensity versus Time
traces, Both "A' and "B" are taken from the data obtained from the first
peak in the decomposition,

(C) The graphical analysis yields apparent activation energies of

77 Kcal/mole for the low temperature regime and 46 Kcal/mole for the high
temperature regime of NF, production, Comparison of all five species shows
a marked similarity in the activation energies in both regimes, with the
exception of C,H,Ot. In fact, the NF curve lies so close to the NF, curves
that it can be considered coincident, Thus, the NF seen in these regimes
probably is due solely tc mass spectral cracking of the NF,. At still higher
temperatures (later times) where the second maximum of f\IF occurs, a
different source of NF is required.
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TABLE VI

ACTIVATION ENERGIES OF PFABDE PYROLYSIS SPECIES
FROM DYNAMIC FMTA

Activation Energies, Kcal/mole

LPC
SEecies _é_
NFz 717
NF 71
HF 67
C2H30 40
FCO 70

B
46
38

28

23

Dow
B

41.6

N.B. The letters A and B refer to the corresponding portions of the
Arrhenius plots, Figure 28, In general, the A portion occurs
at early times (lower temperatures) and the B portion at later

times (higher temperatures),
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(C) The lower activation energy (40 Kcal/mole) for the CZI-I_,’O+
pProduction would appear to indicate that this may be the decomposition-
initiating reaction. However, 40 Kcal/mole is still high enough so that
appreciable thermal decomposition by this means would not be anticipated
at room temperature. There is some indication that low levels of products
are being formed that were detected but were not measurable by the present
experimental arrangement. Higher amplification of the product ion signals
would resolve this question. Comparison of the activation energy tor NF
production with that obtained by Dow (see subsection IV-2) tends to confirm
the validity of the present treatraent. It is of interest to apply the same
treatment to the Dow MTA data, to complete the picture, (Dow did not
attempt to extract activation energies from MTA data.)

(C) The result of this treatment is shown in Figure 29, A value
of 41,6 Kcal/mole is obtained from the B region of the MTA data. This also
tends to confirm the previous argument as to the decomposition region being
investigated by DTA, TGA, and Taliani methods.

d. Conclus.ons

(c Several important conclusions can be drawn from the work on
PFABDE without a comparison to PBEP, (This comparison will be made
at the end of the section on PBEP.) These conclusions include the following:

e The time-integrated spectra for the Isothermal FMTA
showed that a high threshold value for the decomposition
temperature existed that did not seem reasonable by

. comparison with reported thermal data for the compounds
being studied.

e As found in subsequent work, different heating rates
gave rise to different mass spectral patterns, This
suggests that different mechanisms are responsible for
the thermal decomposition of PFABDE during the
isothermal and the dynamic experiments, It implies
a heating rate dependence of the mechanism.

E e During isothermal decomposition, the PFABDE

‘ molecule first eliminates the tris (difluoramino)
methoxy group that further decomposes to generate
*NF, and ‘F radicals,

e During dynamic FMTA, the PFABDE molecule first
eliminates *NF, radicals, and appears to stabilize
temporarily, presumably through cyclization. Subse-
quent decomposition results in excision of the tris-
methoxy residue and of the *NF radicals., The *F
radical never becomes an important product,

e The initial high activation energy for the decomposition

(77 Kcal/mole) can result in extremely fast self-
acceleration of the decomposition reaction once the
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Figure 29 Arrhenius Plot of Dow PFABDE MTA Data
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B control temperature is attained. This could be a clue
to the extreme impact sensitivity of PFABDE.

5. PBEP PYROLYSIS

a, Isothermal FMTA Results and Discussion

(U) Numerous pyrolyses have been conducted upon PBEP using
both time-integrated and time-resolved recording of the spectra obtained
at 10 KHZ frequency (100 microseconds).

(U) Figure 30 is a line drawing typical of time-integrated spectra
obtained during rapid pyrolyses of PBEP. Figure 30 results from 100 milli-
second observations (1000 scans) of PREP gaseous products at pyrolysis
temperatures of 165 and 200°C. Tentative identification of the species from
these and time-resolved experiments arc shown in Table VII,

v sk AR T BRI IER R RTE

(U) The Z-axis multiple peak technique also was used for obtaining
qualitative time-resolved mass spectra of PBEP during pyrolysis, Figures
31 and 32 were constructed from the Z-axis modulated photograph from the
apparent brightnesses of the spots, i,e,, with no attempt at correction for
the variable brightness across the screen. (Intensities are designated as:
Weak, Moderate, Strong, Very Strong).

(U) Detailed interpretation of this data certainly is premature.
Structural assignments to the observed m/e values are tentative, particularly,
. of course, for the quite high m/e species.

! (C) The following comments are presented in summation of Figures
. 30 through 32 plus the results of other similar experiments:

e Numerous species are produced even within the first
100 microseconds of pyrolysis. demonstrating the
presence of extremely rapid and probably complex
processes,

e The most intense peaks observed with PBLEP include
45 (CNF}, 20 (HF), 71 (NE,), 33 (NF), 47 (H,CNF,
COF, N,F ?), 52 (NF,). Notable differences from
PFABDE are the strong 20 (HF) and 71 (NF,), the weak
19 (F) and comparatively weak 52 (NF,) vith PBEP,

In fact, in some time-resolved experiments with
PBEP the 52 (NF,) peak has not appearcd until rela-
tively late,

e The largest species observed so far with PBEP are
143 and 131, These undoubtedly contain within them-

selves the potential for producing -- qualitatively --
many of the lower species observed as the result of
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1 TABLE VII

TENTATIVE MASS SFECTRA PEAK ASSIGNMENT FOR
PBEP ISOTHERMAL FMTA

Possibie Positive Possible Positive
m/e¢ __ Species m/e Species
12 C 44 CO,, C,H,0
13 CH 45 CNF
14 N, CH, 46 HCNF
15 NH, CH, 471 H,CNF, N,F, COF
16 O, NH, 52 NF,
17 OH, NH, 53  HNF,
18 H,O 54 C;H,0
& ' 19 F 55 C,H,0
; ‘ 20 HF 56  C,H,O
27 HCN, C,H, 57 C,NF
28 CO, N, 59  H,C,NF
29 CHO, C,H, 61  H,C,NF
i 30 H,CO, NO 66  H,CNF,, COF,, N,F,
31 CF 71 NF,
; 32 0, 75  C,H,ONF
% 33 NF 89  C,H,ONF, CHy0,
g 39 C,HN 90  C,H.ONF, C,H, 0,
? 40  C,0, C,H,N 124 C,H,N,F,
z 41 C,HO 131 C,H;N,F,
f 42  C,H,0 143 C,H;N,F,

s

43 CZH3O' C,F

TN
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Figure 31 Time-Resolved PBEP Isothermal FMTA Spectra (A16 - 64 - 13),

Z-Axis Multiple Peak from m/e = 12 to in/e = 100
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electron bombardment. Again fragmentation patterns
of model compounds in conjunction with computerized
data reduction would be of great value in interpreting
stuch data. In addition, present capabilities now include
the simultaneous and quantitalive monitoring of peak
heights for two species during pyrolysis. Aside from
its quantitative kinetic value, such monitoring would
aid in determining, for example, whether NF, is solely
a fragmentation (electron bombardment) product of a
species or results from direct C-N bond breakage.

(Cc) The data, still considered preliminary, suggest that an initial
step in the isothermal PBEP pyrolysis involves the elimination of NF; and
HF, perhaps by a mechanism as shown in Figure 33,

(c) A first run was completed applying the dual peak time-resolution
technique for monitoring relative rates of NF;* and NF,+ generation upon
PBEP pyrolysis at 230°C. The time dependent intensities for these two mass
peaks (NF;"‘ ., m/e 71; NFZ‘", m/e 52) are shown in Figure 34. In both traces,
the initial high maximum is caused by electronic noise; the subsequent lines
(100 microsecond time intervals) represent sweeps of the particular mass
peaks. The data indicate that NF;t and NE,* are formed and/or decay at
closely identical rates, It is noted that this technique has not yet been
calibrated to provide information on relative quantities, This latter infor-
mation would be available from the time-integrated spectra. Because of the
greater immediate applicability of the Dynamic FMTA (described in the
following paragraphs), this method was temporarily discontinued. However,
it has great potential for routine determinations, where the major species
affecting stability have been predetermined.

b. Dynamic FMTA Results and Discussion

(U) The pyrolysis of PBEP resulted in much more complex mass
spectra than that of PFABDE. This probably is because of the high impurity
level (20 to 25 percent) in the PBEP, The following discussion applies only
to the impure PBEP available for use in this program. Future improve-
ments in the quality of PBEP may result in different mechanisms,

(1) PBEP Polymer Structure

(c) Ti.e exact molecular structure of PBEP polymer has not
yet been established, so the following arguments are based upon the simplest
model that would fit all the experimental data. The mass spectra, as shown
in Figures 35, 36, and 37, indicate the presence of hydrocarbon species, as
well as large oxygen-containing compounds. This confirms the structure
deduced from chemical analysis of the sample, Shell Lot No, 9557-90 (Table
VIII). The F/N ratio of 1,89 shows that all fluorine cannot be present as
NF,. It is reasonable to assume that some fluorine is present as NF,
because the wssumption of F bonded directly to C implies a nitrile (C=N)
bond for nitrogen balance, and then the sites available for hydrogen become
far too few to account for the amount of hydrogen found. With the above
F/N ratio and assumption, the ratio NFz/NF can be calculated to be
approximately 8,
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Figure 34 Dual Peak Time-Resolved Spectra of PBEP
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TABLE VIII

PBEP Analysis, Shell Lot 9557-90

Species Weight %
C 26,1
H 3.0
N 15.9
F 40.8
O 14. 2 (by difference)

Average molecular weight = 3680
OH equivalents/100 g = 0. 085 (TDI)
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(c) Through the use of the atomic weights of the elements and
the average molecular weight, the polymer composition can be calculated to
be approximately CyH, (N,F;y0;;,. Use of the NF,/NF ratio shows that there
will be thirty-seven NF, groups and five NF groups per polymer chain, The
OH functionality demands three OH per chain,

(C) A simple series of calculations will show that these con-
ditions can be met by an average polymer chain length of 25 units, terminated
at one end by methyl-glycol ether and at the other end by glycerol, The
polymer chain will be only 78 percent reacted with N,F, to form PBEP. The
remainder will be unreacted. The results of these structure calculations

are presented in Table IX,

(2) Mass Spectrum Assignments

(C) The mass spectra of PBIP was much more complex than
that of PFABDE, although the hypothetical monomer unit of PBEP is con-
siderably simpler, The only reasonable interpretation of the spectra indi-
cated considerable quantities of large molecular weight fragments containing
hydrogen and oxygen. This view was reinforced by the lot analysis (previous
section) showing that more than 20 percent of the average PBEP polymer
molecule did not correspond to the hypothetical PBEP monomer,

(C) Table X contains the order of appearance of the ion frag-
ments from the pyrolysis of PBEP in the mass spectrometer, and Figures
38 and 39 present histories of selected m/e peaks., The first species to
appear were at m/e of 40, 43, 45, and 46. Their subsequent behavior led
to the assumption that these were the major ion fragments resulting from
separate thermally detached species. Comparison of standard API spectra
(Ref, 14) to the corresponding structure, indicated that these fragments were
caused by the species C,H,7(40), C,H,07(43), C,H,0 (45)(from the methyl
ether of ethylene glycol) and HCNF1(46).

(C) All of the activity at m/e = 71 and 33 cannot be because of
NF, or NF, cracking alone, as shown in Table XI. Again, the m/e = 33
probably is due to NF removed from the polymer as the NF entity., This
probably results froin the partial dehydrofluorination of adjacent CH, and
NF, groups. The large quantities of HF (m/e = 20) produced tend to confirm
this hypothesis, The peak at m/e = 71 cannot all be due to NEF,, since this
would yield more NF, than was observed. The only reasonable thermal frag-
ments that could yield the m/e = 71 peak, other than NF,, would be C,H,0,
and C,H,NF. Both these fragments can result from th« tragmentation of

the already partially decomposed polymer molecule,

(C) The assignment of C,H,O" (from end groups) to m/e = 45
initially fits all the data. However, it cannot account for the great quantity
of species observed subsequently, as the ratio of end groups to chain links
is approximately 2:25.

(C) The only other choices available are CNF* and H,C,FT,

It appears improbable that if the m/e = 46 peak is due to HCNF* that the
daughter CNF*t would become much stronger at a later time, However,

-89-

CONFIDENTIAL  ccxuene snamuwaion commany




AFRPL-TR-68-76 CONFIDENTIAL 720-F

TABLE IX

POSSIBLE MONOMERIC UNITS PRESENT IN IMPURE PBEP
SAMPLE 9557-90

Number of Position of
Groups Type of Group Group
16 F;N/F Chain
H 5
_(.;._.. (!;___o___
HH-?—H
/N\
F F
F_ F
HONT
5 —-C'f—— C— O=- Chain
H |
H-C=N-F .
¥
4 —-C'I—- (5—0—- Chain
H ¢
7\
H H
HoE o
1 — Qe C— g-——-— C—H Terminal
H -H 6-E
H H .
1 —C— C—H Terminal
o-H | H
O— L..“— H
H
-90-
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‘ PBEP PYROLYSIS FRAGMENT HISTORIES
SAMPLE 9557-90 DYNAMIC FMTA
Time of
Appearance (msec) Maximum
Initial Maximum m/e Probable Species Intensity

50 (8002?) 28 N3, co C}H4 0.S.
870 40 C3HY, czo 38

| ]
§ AFRPL-TR-68-76 CONHDEN"AL 720-F
‘ TABLE X
870 43 C2H30" 62
i

800 45 CoH50%, CoH,FT, CNFY 0.S.
800 46 HCNF 25

150 870 14 N¥, CH} 18
, 870 53 28
; 305 57 C2NFt 36
: 800 59 JH2CoNF?, cNpFt 30
_ 825 71  NF3, c315302, C3H,NF, C;N,Ft 144
i 805 75 17
; 770 76 N + 8
725 90 C3HgO3, (CNF)> 48

310 870 20 grt 175
(800?) 29 CHoO" CZHS 0.S.
(?) 32 o) 5%
860 33 NEt 215
870 39 18
870 41 N 38
860 52 NF, 116

810 63 . N 32
810 66 COF;, N,F; 110
£10 72 20
800 125 23
500 870 30 cH,ot, not 30
31 CHZOH"' crt
870 42 42
900 44 co3 . 56
870 47 COF*t, H,CNF 62
810 78 26
810 146 13
182
. + +
550 870 15 CH3, NH 16
905 16 0 8
17 0H+
18 HzO
810 36 17
805 202 13
-91-
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Time of
Appearance (msec)

Initial Maximum m/e Probable Species
700 900 1~ ct

870 19 F

870 38 F§

Other species appearnng at this time, having

10, and reaching

720-F

Maximam

10
trace

2 peak height greater than
a maximum between 800 and 875 millisecond are m/e: 48

49, 54, 55, 56, 58, 60, 69, 70, 73, 74, 77, 81, 82, 83, 84, 85, 89, 91, 95.
100, 109, 123, 136, 148 and 220.

There are other species occurring at other times that have not beer
included because their identification has not yet been established.

*
O§ rose to a constant value above background
o

. = trace went Off Scale

Underlined species are the assum=d major contributors

-92-
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Figure 39 PBEP Pyrolysis Fragment History, Later Species, Dynamic FMTA
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m/e

104
71
52

33

TABLE XI

ABUNDANCE OF N —F FRAGMENTS
FROM DYNAMIC FMTA OF
SAMPLE 9557-90

I From Cracking:

(16) (14)

Observed 1 No,F, NF;
10 3.2 0
144 0 56
116 100 100
215 43 22
-95-
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there could be again, as in the case of NF, a mode of formation of CNF*
independent of the formation of HCNFt, The species H,C,F* would require
a rearrangement reaction not improbable in the time available. This point
remains to be resolved.

(3) PBEP Pyrolysis Mechanism

(C) The thermal decomposition of PBEP in these experiments
was characterized by the initial appearance of a few fragments at close to ~
room temperature, followed by a sudden acceleration of the decomposition,
and therefore rapid appearance of many fragments at approximately 75°C.
The expected fragments due to HF and NF, were not the first to appear,
leading to the postulate that the unfluoraminated (impurity) fractions of the
polymer were responsible for the early fragmentation, The initiation
mechanism is shown in Figure 40. It is probable that the production of the
free valencies by the loss of the initial fragments then leads to unzipping of
the polymer chain. The small units (dimers at least) then are thermally
split and/or split by the electron beam in the mass spectrograph. This
sequence that also can explain the late appearance of HF, NF,, and NF, is
shown in Figure 41, The reasoning leading to these conclusions is sum-
marized in the following paragraphs.

(C) Early production of HCNF, without concurrent production
of HF, F, NF, or NF,, can best be explained by the mechanism shown in I,
Figure 40, in which the "impurity" group, HCNF, is detached from the
polymer chain, Because the HCNF group is only one-eighth as abundant as
NF, groups, some other mechanism may be responsible for the later produc-
tion of HCNF. This mechanism, shown in Figure 41, also leads to the later
production of HF and NF species.

(C) The HC=NF may have been formed from the normal H,CNF,
side-chain by the loss of HF during processing or storage. It is quite possible
that these defect structures are concentrated in a definite molecular weight
fraction of the finished bulk polymer, so that fractionation would result in
fewer defects and hence more stable PBEP.

(C) Glycerol is the most probable terminal group for the PBEP
polymer, as it is used in the initial preparation of the polymer from
epichlorohydrin, However, in the process of dehydrochlorination, some of
the end groups react and rearrange to form the methyl ether of ethylene

glycol (Ref, 17). The presence of the ether linkage is shown by the mass

peak m/e = 45, the characteristic 100 percent mass spectral peak for

methyl ethers., The other features of the mass spectra also show that the
parent fragment is the methyl ether of ethylene glycol. The reaction shown

in II and III, Figure 40, shows how the glycerol and methyl-glycol ether can
produce the observed mass spectral features. Once these groups are lost
from a polymer chain, the resulting free valencies on the polymer backbone
result in the rapid cleavages and rearrangements shown in Figure 41. The
abundance of high m/e peaks can only be explained on the basis of high
molecular weight species entering the electron beam of the mass spectrometer.
It is not known if larger species than dimers are respcnsible because the mass
range above 250 was not scanned. However, a dimer is the smallest unit that
can satisfactorily account for all the species present,
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5 NE, . o T
I C— C— 04 ——» HCNF (46) + +C—C—0
H C=NF g "
H
g oy H H o H
] \
H ciH ©—CH, H ou . O—CHj
*CH,0 + *C3H(O CaHs50% (45)
+
L, H,0" + C3Hy (40) CH;0% (31)
— CH,0% (30)
CHzt (14)
iy
)
I O~ C— C— C— H ——> sCH,0 (31) + ¢C,H,0O
] 1 ] 3 24
H OH OH
CH;0% C,H30" (43)
Figure 40 Initiation Mechanism, PBEP Dynamic FMTA, Sample 9557-90
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N—™ F\H
=~ NF
H Fuo Ll . -
oC—C - C C',' —0 (Dimer from unzipping)
H /
o CH
/C‘—Iz | 2
NF, NF,

] NF
kCc— c\ ’c—g—— (o]
/
H (|:H2 0 (iHZ
/ NF, NF2
\ b +
CH,NF5 (66)  NF5 (52) ZNCH,¢ =0" (146) + CO'(28)
+ + 4 NF
HpC=NF'(47) C3H4N (54)  + 2 ,
oF NF; + *CHaCO  or FZNCH,CO (94)
CN (26
< ) NF, !
+ +
CH} (14) . NE
2
+ +

+ +
FN=C=0 (61) CHy=CO (42)

Figure 41 Later PBEP Decomposition Mechanism,
Dynamic FMTA, Sample 9557-90
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Ng T NF
H R SV . -
oC— C C =0 (Dimer from unzipping)
|
H /N o prd L,
/qu |
NF, NF\Z‘
- , - - NE -
pC— C\ ‘C— ('3-—— O-
/
H C':HZ Ke) CEHZ
NF, NF2
N +
CH,NF3 (66)  NF} (52) T NCH,C =0 (146) + CO'(28)
+ + + NF
HpC=NF'(47) C3HgN (54) 4 | NF, .
+F NFjp + * (.ZHzCO or FpNCH,CO (94)
CN (26)
R NF, !
+ ¥
CH (14) o NF,
] + +
: + +
° FN=C=0 (61) CHp=CO (42)
Figure 41 Later PBEP Decomposition Mechanism,

Dynamic FMTA, Sample 9557-90
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(U) In the following discussions, data from the previous section on
PBEP sample number 9557-90 (-90) will be included for comparison. This
sample was prepared by the "batck' process.

(C) Table XIII shows the temperatures of appearance of the first
eight species from tae pyrolysis of the fractions and the seven key species
identified from the previous work, along with the temperatures of appearances
of those seven key species from the previous work., Figure 44 presents the
intensity histories of several of the species for all the samples., The out-
standing feature of the new sample mass spectral histories is the dominant
role played by the species responsible for m/e = 57. The remainder of

the cracking patterns (not shown) associated with m/e = 57, indicates that
this is because of epichloronydrin (ECH) thermal fragments. Thus, the
sample is either incompletely purified, and quaxrtities of ECH and/or poly-
ECH (PECH) are residual contaminants, or the precursor material has been
incompletely polymerized, resulting in considerable amounts of ECH units in
the finished polymer molecules. The presence of ECH in each of the polymer
fractions tends to support the latter theory. As the temperature is increased,
the 57 peaks for the fractionated polymer accelerate rapidly, and close
together. However, the 35A sample proceeds at a2 slightly lower temperature
than the remainder, indicating either a higher decomnposition rate or a larger
quantity of the ECH impurity.

(C) The m/e = 43, attributed > glycerol end groups in the previous
work, appears at higher temperatures from samples -99-4, 35A, and 35B,
than with the previous lot (-90;. However, the -90 sample begins accelerating
at a higher temperature, and Lhence would appear to be more stable above
340°K. Of the seven key species determined from the previous work, only
m/e = 43 shows up in the first eight species from the fractionated samples.
The remainder of the key species begin to appear at temperatures above 340%K.

(C) The methoxy species, responsible for m/e = 45 shows that all
the new samples are more stable with respect to methoxy loss than tne
previous, with 35A being the most stable; -99-4 and 35B intermediate
between -390 and 35A. The other four key species, NF, NF,, and HCNF,
all bave similar behavior. The most stable towards less of these species
is 35B, with ~99-4 nearly the same, while -90 is the least stable and 35A is
intermediate between -90 and -99-4. For the HF species, -99-4 is most
stable, with 35B approaching -99-4; -90 is the least stable with 35A closer
to -90 than to the others,

(C) For the most part, the activation energies for each species
production closely resembles that for the same species in the previous
work (Table XIV). The notable exception is HF, for which the activation
energy of only the high molecular weight fraction 35A was close to that of
the original work. This implies that the HF is removed from different sites
of the 35A fraction than from the 35B or -99-4 samples, A more detailed
analysis of the data will be necessary to resolve this point,

(C) The ECH fragment yielded a much lower activation energy in

the "high temperature' regime, than in the 'low temperature'' regire.
This behavior has aoi been previously encountered ir the PBEP studies. In
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TABLE XII"

T20-F

TEMPERATURES OF APPEARANCE OF SOME EARLY
PBEP PYROLYSIS FRAGMENTS, DYNAMIC FMTA

Mass Number of Species, from Sample No.:

Temperature 10316 9851 9851 9557
(*) 99-4 -35A -35B -90
304 43,45
325 57
325.5 43
126 57 7
327.5 43 59
328 7 69
328.5 59 55
326 55 85 57
330 85 21 43
33¢.5 87 n
33i 69 59
33L5 55
332 69
333 70
334 85
340 45 45 20, 33, 52
350 45 20
35% 20 20 52 16
360 33
380 33 33, 46, 52
395 52
400 46 46

CONFIDENTIAL
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Figure 44 PBEP Fraction Pyrolysis Species, Dynamic FMTA
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TABLE XIV
ACTIVATION ENERGIES FOR SEVERAL PYROLYSIS SPECIES .
FROM DIFFERENT PBEP SAMPLES BY DYNAMIC FMTA
Probable Activation Energies, K Cal/mole, in the
"High Temperature" Regime for
M/e c.es Sample Nos:
-90 -9¢-4 ~35A -35B

20 HF 33 19 33 14
43 C,H,0 37 35 35 35
45 CszO 23 23 23 23
46 HCNF 38 40 40 40
52 NF, 4 40 40 40
57 ECH=* 8 8 8

*This species was uniGgae among thosc PBEP fragments studied so far,
because it possesses a much higher (25 K cal/mole) apparent activation .
energy in the "low temperatue" regime than in the *'high tenperature”
regime.

-106-

CONFIDENTIAL  icccano mmomnsion commany

e . et s e




e wma—

AFRPL-TR-68-76 CONAHDENTAL 720-F

reference to Table XII, it may be cbserved that the pyrolysis fragments
possess lower activation energy in the "low temp:.rature” regime than in the
"high temperature’ regime. This may well be a characteristic of the PECH
starting material. Resolution of this point awaits the study of the PECH
dynamic FMTA. Table XV presents the Shell analysis of Lot Nos, 10316-99-4,
9851-35A, and 9851-35B.

(C) Tables XVI and XVII show the simplest structures fiiting the
corresponding data. Note that in all cases, the data from Table XV indicates
that assumption of only the two terminal groups and an "internal" methoxy
besides the PBEP can account for the lot analysis. Because the FMTA data
indicate large quantities of ECH, it must be assumed that the analyses were
run by Shell on "cleaned up" samples, not on the overall sample. If not,
then the Ci from ECH must have been grouped with the F from PBEP in the
analysis., In either case, a separate Cl analysis is indicated.

e. Conclusions

(C) As in the PFABDE experiments, there appear to be different
mechanisms responsibie for the thermal decomposition of PBEP at different
heating rates. During isothermal FMTA, important initial steps involve
loss of NF, and HF, whereas during the dynamic FMTA, loss of end-groups
and structural impurities appear to dominzate.

(C) Once decomposition is initiated, the PBEP polymer appears

to decompose by a free radical induced unzipping mechanism. proceeding
smoothly to 2 maximum rate, without forming a temporarily stable solid
product species. At this date, it appears as though the thermal stability of
PBEP is strongly affected by impurities. These impurities can be present
as structural defects introduced during production, processing or storage,
or to "chemically'" impure material because of inefficient cleanup of the
finished product. In general, the thermal stability of an intermediate
molecular weight polymer appears to be superior to either a "high" molecular
weight fraction or to the "whole" polymer. However, the cause of instability
of the latter may prove difficult to determine.

f. Comparison of PBEP and PFABDE Mechanisms

(U) The conclusions that can be reached by compar-ng the PFABDE
and PBEP pyrolysis data are that PBEP polymer molecules decompose by

a less complex, less energy-requiring mechanism than the more complex
PFABDE polymer molecuies. When decomposition begins, PFABDE
decomposes at a faster initial rate than PBEP. The initiating mechanisms
for both decompositicas appear to involve terminal groups, althcugh this
appears to be of much greater importance for PBEP.

(C) Although PBEP is composed of smaller, less complex monomer
units than is PFABDE, the decomposing PBEP mass spectrum is more com-
plex and extends to higher mass numbers than does PFABDE. The pattern
of species production also is different. HF, NEF,, and C,H,O appear to be
important product species in the PBEP decomposition, but not in PFARDE
decomposition, whereas COF is an important product species from the
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TABLE XV
SHELL LOT ANALYSES, PBEP FRACTIONS !
Sample Number
10316 9851 9851
Polymer Fraction (%) 100 29.6 21.9
Average Molecular Weight 3800 6700 5200
Weight percent of:
C 25.9 26.1 26.1
H 3.2 3.2 3.3
N 15.7 15.9 16.0
F 41.4 41.1 41. 4
(by difference) 13.8 13.7 13.2
OH equiv. /100 g 0042 0.038 0. 044
OH functionality 1.6 2.5 2.4
Thermal Stability,
(cc/g/100 hrs. at 80°C) 4.8 5.4 5.7
-108-
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TABLE XVI
s "AVERAGE MOLECULAR STRUCTURES" FOR PBEP FRACTIONS

Number of Species in '"Average Molecule' for Samples

10316 9851 9851
Species -99-4 -35A -35B
- ?Fz
+cH,-c-0 19 31 30
[ ]
H, C-NF,
i H
' -
-+ O-CH, -C-CH, OH 1 1 1
]
| OH
- H 1
-+ CH,-C-c-OCH 1 1 1
f ) ' s 3
i OH H -
NF,
1
+CH,-C-0 2 7 6
)
|  HC=NF
H
[}
CH,-C-O 3 6 4
[}
H,C-OCH,
-109-
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g TABLE XVII ]
MASS BALANCES FOR '"AVERAGE MOLECULAR STRUCTURES" .
OF PBEP FRACTIONS
Moles Atomic Species Required per :
Mole of "Average Polymer Molecule" :
Sample No. C H o N _F :
10316-99-4 5
a) from "Structure' 82 122 32 42 82
b) from Lot Analysis 82 122 33 42 82
9851-35A
a) from "'Structure" 145 216 55 76 145
b) from Lot Analysis 145 214 57 76 145
9851-35B -
a) from "Structure” . 113 168 43 60 113
b) from Lot Analysis 113 172 43 60 113 !
-110-
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decomposition of PFABDE, but not from PBEP. Some important similarities
are that both NFt and NF;! are important ions in the mass spectra from the

decomposition of both PFABDE and PBEP, and NF* appears in both com-
pounds to come from the parent species NF,t, and also from some other
independent source.

(c) Some important qualitative differences in the deccinposition
modes were immediately noticeable. PFABDE decomposition began auto-
acceleration at approximately 120°C, whereas PBEP began at approximately
80°C -- 40°C lower. The PFABDE decomposition curves are characterized
by double peaks, indicative of two different mechanisms.

(c) Decomposition mechanisms may be postulated that appear to
account for the thermal decomposition behavior of PFABDE and PBEP. For
PFABDE, the tris (NF,) methoxy groups first lose one NF, per group, followed
by loss of one methoxy group per pair, followed by a temporary stabilization
through cyclization. A simultaneous attack at the end groups provides con-
tinuing decomposition at a relatively high activation energy with resulting
relatively small decomposition fragments. For PBEP, no such stabilization
is possible, The initial attack leaves free valencies on the backbone and at the
ends, resulting in polymer '"unzipping' and relatively large thermal fragments.
Much of the PBEP instability appears to be due to "impurities' consisting of
HCNF and methoxy groups on the polymer chain and of polymer terminating
groups.

(C) It is of interest to compare PBEP xctivation energies (Table
X1I) with those of PFABDE (Table VI) obtained from similar treatments,
PFABDE is another polymeric species containing a different structural
arrangement of the NF, groups, and is more sensitive to impact than PBEP.
The tables show that the activation energies for appearance of similar species
are indeed different, especially in the lower temperature region, Itis of
interest to note that the higher activation energy of PFABDE results in a
higher rate of acceleration of the reaction in the lower temperature region.
For each degree centigrade temperature rise, the rate of acceleration of
PFABDE decomposition is more than a thousandfold greater than that of
PBEP.

(u) The activation energies estimated from the present data are
consistent with the energies required to break the bonds associated with the
polymer decomposition mechanism. These data are also consistent with
Ubbelohde's (Ref. 9) observatiors that materials with high activation energies
are more sensitive to detonation u an material w.th low activation energies.
Thus, it v'ouid appear that the on'y path open for PFABDE to decompose is
by detonation, whereas PBEP ci.r absorb energy by literally falling apart
without detonation.

6. HYDRAZINIUM DIPERCHLORATE (HP,) PYROLYSIS

(U) Dynamic FMTA of HP, (hydrazinium diperchlorate) show that the
pyrolysis occurs in two distinct stages, similar to PFABDE and NC decom-
positions., The time-intensity curves shown in Figure 45 illustrate the
double peaks typical of all ion fragments associated with the perchloric
acid parent thetmal decomposition fragments, The single peaks occurring
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subsequently a~-e typical of all ion fragments associated with the hydrazine
thermal fragment. This behavior indicates that the first process involves
splitting oif HClO,, followed by complete disruption of the molecule at still
higher temperatures.

(V) Arrhenius plots for the HCIO, (m/e 100) fragment and the hydrazine
fragment N,H,- \m/e 31) are presented in Figures 46 and 47. The activation
energies calculated from these plots are presented in Table XVIII. The acti-
vation energies aud the Arrhenius plots show that the initial loss of HCIO,
begins with a low energy requirement, and converts to a high energy require-
ment at higher temperatures (somewhat similar to the behavior of PBEP),
Subsequent production of HCIQ, at the second peak then proceeds with an
activation energy approximately the same as that for the low temperature
stage of the initial decomposition. Production of m/e 31 overlaps the first
and second HCIQ, peaks and appears to require an intermediate, constant
activation energy.

(u) As discussed previously, this activation erergy of 23 Kcal/mole
compares well with that obtained at RMD (Ref.8). The mass spectral data
obtained from the dynamic FMTA also are consistent with the reaction
mechanism postulated by the RMD workers -- the initial peak is most likely
caused by the loss of one HCIO, moiety, leaving hydrazinium monovoerchlorate
(HP). The HP then vaporizes at the higher temperature, and yields its
characteristic mass spectral cracking pattern.

7. NITROCELLULOSE (NC) PYROLYSIS

(U) The Arrhenius-type data treatment, previously used with PFABDE
and PBEP thermal decomposition studies has been applied to the initial
species found in the dynamic FMTA decomposition of NC. Figure 48 shows
the intensity/time history of NC. Tke two-stage reaction mechanism is
evident, as is the transposition of the roles of the ions at m/e 46 and 30. As
before, the portions of the curves labeled "A'' are obtained at early times
(low temperature) and the portions labeled ""B' are obtained at later times
(higher temperatures), However, in the case of NC, these portions are for
the first stage only.

(U) Figure 49 shows the results of the Arrhenius plot for portions A
and B of the NC decomposition curve. The activation energies of 95+ 5
Kcal/mole for the A portion and 16 = 2 Kcal/mole for the B portion are in
excellent agreement with the values of 100 Kcal/mole and 14 Kcal/mole
reported by R. Musso (Ref. 18) of Hercules (ABL) for these same portions.
This agreemnent with other data again confirms the correctness of the
experimental approach and the validity of the assumptions made in the
calculation of the activation energies.

(U) Because the NC "molecule'" is very complex, and results in very

complex mass spectra, the deduction of the decomposition mechanism was
deferred.
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TABLE XVII1

ACTIVATION ENERGIES FOR HP, DECOMPOSITION
SPECIES FROM DYNAMIC FMTA

Activation Energies (K cal/mole)

First Peak Second Peak
Species m/e "Tow T" "High T"
+
HC10 100 23 86 18
(parent)
+
N sz 3i 32

+
(from NzH 4)
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